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Semiconducting conjugated polymers regioregular poly(3-hexylthiophene) 
(RR-P3HT) and poly[2-methoxy-5-(2’ethyl-hexyloxy)-1,4-phenylene vinylene] 
(MEH-PPV) have received considerable interest for prospective applications in 
organic photovoltaics (OPV). Understanding the photo-initiated processes and carrier 
transport in those materials is essential to improve the performance of the polymer 
OPV devices. Optical pump-Terahertz (THz) probe time domain spectroscopy 
(OPTP-TDS) is a noncontact technique which combines THz time domain 
spectroscopy and the pump-probe method. OPTP-TDS provides the ability to study 
the transient properties of photoexcited semiconducting materials. 
In this thesis, we establish new standard experimental and analysis procedures 
for OPTP-TDS by adopting the analysis method suggested by Nienhuys and 
Sundstrom for investigating the transient events that are faster than the duration of 
THz probe pulses. We observed experimentally artifacts in the conductivity of 
photoexcited GaAs, as predicted by Nienhuys and Sundstrom, when we apply the 
  
conventional analysis method. For the first time, we successfully remove the artifacts 
and recover the true transient conductivity of photoexcited GaAs using the correction 
transformation. 
 P3HT/PCBM blends are investigated using OPTP-TDS. The new analysis 
process enables us to obtain the time resolved frequency dependent complex 
photoconductivity in subpicosecond resolution. The time resolved conductivity is 
analyzed by the Drude-Smith model to describe the behavior of localized charge 
carriers in the polymer. Transient mobility drop at subpicosecond time resolution in 
the photoexcited polymer is observed for the first time. The mobility drop can be 
explained by the polaron formation in the polymer, and is the main cause of the 
transient real conductivity drop in the first picosecond after photoexcitation.  
Semiconducting polymer MEH-PPV is investigated using OPTP-TDS, DC-
bias transient photoconductivity, and photo-induced reflectivity change with high 
time resolution to get the transient conductivities at electrical, THz, and optical 
frequencies. The data are fitted with the Drude-Smith model and the Lorentzian 
oscillation model to describe free and bound carriers. The quantum efficiency of 
excitons was estimated to be less than 0.01, which is lower than previous reports. The 
imaginary conductivity at THz frequencies is attributed not to excitons but bound 
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Chapter 1: Introduction 
 
1.1 Motivation and contributions 
 
 Semiconducting polymers have received considerable interest for prospective 
applications in organic electronic and photonic devices such as organic field-effect 
transistors (OFET), organic light-emitting diodes (OLED), and organic photovoltaics 
(OPV). In contrast to conventional semiconductors, these materials are flexible, 
lightweight, low cost, easy to process, and tunable for properties. For OPV applications, 
current power conversion efficiencies in semiconducting polymer solar cells are still 
about an order lower than that in conventional semiconductor solar cells. To further 
improve the performance of the polymer OPV devices, understanding the photo-initiated 
processes and carrier transportation in those materials is essential. 
 Optical pump-Terahertz (THz) probe time domain spectroscopy (OPTP-TDS) is a 
noncontact technique developed in recent years. It combines THz time domain 
spectroscopy and the pump-probe technique. Due to the low frequency nature of THz 
waves, THz time domain spectroscopy is very sensitive to free charge carriers. THz 
pulses are generated and detected coherently, so both the amplitude and phase of the THz 
electric field transmitted through a sample can be obtained simultaneously. Consequently, 
both the real and imaginary parts of conductivity spectra can be analyzed. The important 
properties such as free carrier quantum efficiency and mobility can be extracted when an 
adequate conductivity model is applied. Pump-probe is a technique to measure an 




initiated by the pump pulse. Because the pump and probe pulses are synchronized, the 
ultrafast phenomenon can be resolved.  By using optical pump and THz probe, OPTP-
TDS has the potential to study the transient properties of photoexcited semiconducting 
materials. 
 When the sample’s properties are changing fast with respect to the duration of the 
THz pulses, the interpretation of results for OPTP-TDS is not straight forward. Kindt and 
Schmuttenmaer [46] proposed a data analysis method, which is aided with a two 
dimensional scan in the OPTP-TDS experiment, to obtain the transient photoinduced 
conductivity in this situation. The analysis method was adopted in many OPTP-TDS 
experiments [41][48][49][50][78], and it became a standard experimental and analysis 
procedure for OPTP-TDS. Recently, Nienhuys and Sundstrom [29] reported a theoretical 
analysis of the OPTP-TDS measurement. The results showed that the conductivity 
obtained using the standard method is complicated and actually has little physical 
meaning if the event is faster than the duration of the THz pulses. They also suggested a 
new analysis method which involves a series of transformations to recover the true 
transient conductivity. 
Semiconducting conjugated polymers regioregular poly(3-hexylthiophene) (RR-
P3HT) and poly[2-methoxy-5-(2’ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) 
have been studied using OPTP-TDS by other groups [48][49][50][78] due to their 
potential uses in OPV applications. In these experiments, they are either using the 
conventional analysis method proposed by Kindt and Schmuttenmaer [48][49] or 
avoiding measurement of the properties at the beginning of the photoexcitation when the 




no OPTP-TDS experiment using the new analysis method suggested by Nienhuys and 
Sundstrom. 
 In this thesis, we establish new standard experimental and analysis procedures for 
OPTP-TDS by adopting the analysis method suggested by Nienhuys and Sundstrom for 
investigating transient events that are faster than the duration of THz probe pulses. We 
observed experimentally the artificial conductivity of photoexcited GaAs predicted by 
Nienhuys and Sundstrom when we apply the conventional analysis method. We, for the 
first time, successfully remove the artificial effect, and recover the true transient 
conductivity of photoexcited GaAs using a correction transformation. 
 P3HT/PCBM blends are investigated using OPTP-TDS. The new analysis process 
enables us to obtain the time resolved frequency dependent complex photoconductivity 
with subpicosecond resolution. The time resolved conductivity is analyzed by the Drude-
Smith model[75] to describe the behavior of localized charge carriers in the polymer. A 
transient mobility drop at subpicosecond time scales in the photoexcited polymer is 
observed for the first time. The decrease mobility can be explained by polaron formation 
in the polymer, and is the main cause of the transient drop in the real conductivity in the 
first picosecond after photoexcitation.  
The semiconducting polymer MEH-PPV is investigated using OPTP-TDS, DC-
bias transient photoconductivity, and photo-induced reflectivity change with high time 
resolutions to get the transient conductivities at electrical, THz, and optical frequencies. 
The data are fitted by the Drude-Smith model and Lorentzian oscillator model to describe 
free and bound carriers. The quantum efficiency of exciton generation was estimated to 




at THz frequencies is attributed not to excitons but to the bound carriers with one tenth 
energy of excitons, which are possibly phonons. 
 
1.2 THz and THz spectroscopy 
 
THz radiation is an electromagnetic wave whose frequency is between 0.1 and 10 
THz. It corresponds to wavelengths between 3 mm and 30 μm, and photon energies 
between 0.4 and 40 meV (see Figure 1-1). This frequency range sometimes is also called 
far infrared or sub-millimeter wave. Below this frequency range, microwaves and radio 
waves can be generated by electronics, and have wide applications in broadcast, 
communications, food processing, and radar. Above the THz frequency range, infrared, 
visible radiation, and other higher frequency rays are based on photonics. Their main 
applications are in communications, lighting, inspection, and medical imaging. Between 
the microwave and IR frequencies, the THz frequency range was also known as the ‘THz 
gap’, because neither efficient sources nor sensitive detectors were available to make 
measurements until developments in recent years.  
There are now several techniques to generate and sense THz radiation in both 
electrical and optical approaches. Optical rectification [1], photoconductive antenna [2], 
optical parametric generation [3], and semiconductor surface emission [4] are used for 
THz pulsed sources. Electro-optic sampling [5][7], photoconductive antenna [2], and 
bolometer [6] are detection mechanism for these sources. For CW THz wave, Gunn diode 
[8], quantum cascade laser (QCL) [9], photomixing [10], backward-wave oscillator 




bolometer, pyroelectricity, Schottky diode [13] , and plasma wave electronics [14] are 
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THz waves, between electronic and optical frequency, have the following 
attractive characteristics: THz wave, like its lower frequency relative microwave, can 
penetrate most dielectric and dry materials, allowing the imaging of internal structure or 
concealed objects. THz wavelengths (0.03~3 mm) are shorter than that of microwaves, 
thus it provides better spatial resolution for imaging application. THz waves are low 
photon energy radiation (1 THz ~ 4 meV), and have no harmful effects on biological 
tissues. In contrast with THz, X-rays have photon energy in the keV range and have a 
potential of causing genetic damage and cancer. THz spectroscopy provides abundant 
information of unique rotational, vibration, and translational modes of the material, so 
can be used to identify many materials. 
Due to these desirable characteristics, THz radiation has many potential 
applications in the following fields: communication, security, medical, inspection, and 
science (see Figure 1-2). THz can be used for short range wireless communication which 
will be a thousand times faster than the current wireless network. By reason of its 
harmless radiation and penetrating ability, THz radiation can be used for security 
screening for concealed weapons or explosives in airports [15]. Drug detection [16] and 
real time cancer screening [17] were also reported for pharmaceutical and medical 
imaging applications. For quality control (QC) applications, it has been used for non-
destructive inspection of foam insulation sprayed on space shuttle [18][19] and IC 
package examination and testing [16][20]. Because of the rich spectroscopic information 
in the THz range, THz spectroscopy is an important technique for scientific studies in 























































 Because of the low frequency nature of THZ waves (compared with other light 
sources), it is very sensitive to the presence of charge carriers. This is because the 
scattering frequency of charge carriers in a semiconductor is also in the THz region and 
as a result THz waves interact with charge carriers in a specific manner.  These 
characteristics make THz an ideal radiation for probing charge carriers. Therefore, THz 
time domain spectroscopy becomes an important tool to investigate charge transport in a 
material. 
THz time domain spectroscopy was first introduced in the 1980s by using 
photoconductive antennas as both emitter and detector [2]. The principle of THz 
generation and detection using photoconductive antennas is as follows: Ultrafast laser 
pulse shines on a biased photoconductive switch to generate transient photocurrent. The 
photo-induced rapidly varying current will emit electromagnetic radiation. This 
electromagnetic radiation has a wide band of frequencies and is in THz range. For THz 
detection, the electric field of THz radiation induces a transient bias voltage on the 
photoconductive switch. The amplitude and time dependence of this transient voltage are 
obtained by measuring the photoinduced current versus the time delay between the THz 
wave and the probing ultrafast laser pulses. This THz generation and detection method is 
widely applied in THz time domain spectroscopy for studying steady-state properties of 
materials. Another popular method for THz generation and detection in THz 
spectroscopy is optical rectification [1] and electro-optic sampling [5][7]. Optical 
rectification is a second-order nonlinear optics effect. THz pulses are generated when 
ultrafast optical pulses shine on the nonlinear crystal. Electro-optic sampling for sensing 




electric field of THz pulses applied to the EO crystal. Because optical rectification is a 
second-order nonlinear optics effect, the intensity of THz pulses is proportion to the 
square of the intensity of optical pulses. For that reason, this method is suitable for an 
amplified laser system which has higher pulse energy, and is usually used in optical 
pump-THz probe time domain spectroscopy where high optical pumping intensity is 
desired. Optical pump-THz probe time domain spectroscopy is a technique combining 
THz radiation with visible pump pulses to investigate transient photoconductivity. A 
sample is excited by the optical pump pulse to generate photoinduced carriers, and then 
probed by the THz probe pulse. By delaying the THz probe pulses with respect to the 
optical pump pulse, the dynamics of photoinduced carriers can be traced in time. 
 
1.3 Semiconducting polymer 
 
 Semiconducting polymers are based on π electrons on linear carbon chains. π 
electrons exist in conjugated polymers, which have atoms covalently bonded with 
alternating single and multiple bonds. Polyacetylene is the simplest conjugated polymer, 
as shown in Figure 1-3. Polyacetylene has sp2 hybridization and has a π bond in its 
double bond between the carbons. Pure (undoped) polyacetylene has very low 
conductivity around 10-10 to 10-8 /ohm-cm. However, after doping, the conductivity of the 
conjugated polymer could increase rapidly to many orders of magnitude higher. Alan J. 
Heeger, Alan MacDiarmid and Hideki Shirakawa reported metallic conductivity in iodine 
doped trans-polyacetylene in 1977 [56]. After that, many different semiconducting 




Heeger, MacDiarmid and Shirakawa were awarded the 2000 Nobel Prize in Chemistry 
for their contributions in conductive polymers. 
 
 
Figure 1-3  Structure of trans-polyacetylene 
 
 Semiconducting polymers, just like other plastic, have many favorable physical 
and chemical properties. Compared to conventional semiconductors, semiconducting 
polymers have the following advantages: 
 Flexibility 
 Lightweight 
 Low cost 
 Easy to process (solution processibility, malleability) 
 Large area production (e.g. printing) 
 Low toxicity 
 Adjustable properties through functionalization 
Like conventional semiconductors, semiconducting polymers have been used to make 
many electronic and photonic devices such as organic light-emitting diodes (OLED) [21], 
organic photovoltaics (OPV) [22][23], organic field-effect transistors (OFET) [24][25], 




properties of the polymers, these devices could be used to make potential products such 
as electric paper, foldable displays, flexible solar cells, and wearable computers. 
 For OPV applications, current organic solar cells still suffer from low power 
efficiency cmpared to conventional semiconductor solar cells. For single active layer 
organic solar cell devices, the highest efficiency achieved right now is about 5% [27]. 
Further increase to 6.7% can be obtained by applying multiple active layer architecture to 
absorb wider solar spectrum energy [28]. On the other hand, the power conversion 
efficiency of today’s standard commercial semiconductor solar cells is about 10~20%, 
and the best reported efficiency of complex semiconductor multi-junction solar cells have 
been reported is 40% by National Renewable Energy Laboratory. To further improve the 
performance of the polymer OPV devices, detailed understanding the photo-initiated 
processes and carrier transport in semiconducting polymers is necessary. 
 
1.4 Scope of thesis 
 
 The remainder of this thesis is separated into five chapters. 
 Chapter 2 discusses the principle and experimental method of THz time domain 
spectroscopy. In this study, we use optical rectification and electro-optic sampling to 
generate and detect THz radiation in our spectroscopy setup. In this chapter, we first will 
describe the principle of optical rectification and electro-optic sampling. A method to 
measure THz pulse energy and detector related distortion effects will be addressed in this 
part. The second part discusses experimental setup and analysis method, which includes 




The last part describes the experiments that measure the steady state electronic properties 
of Drude-like materials: doped silicon and an ITO film. 
 Chapter 3 is dedicated to optical pump-THz probe time domain spectroscopy. 
Unlike steady state THz spectroscopy, the transient photo-excited material properties may 
change during the THz probe time. An advanced analysis is required to obtain 
meaningful information from experimental data. In this chapter, we focus on two parts: 
The first part is about the theoretical derivation of the analysis technique. The artificial 
conductivity we obtain directly from the optical pump-THz probe time domain 
spectroscopy using the conventional analysis method suggested by Kindt and 
Schmuttenmaer will be derived [46]. A new analysis method regarding a series of 
transformations suggested by Nienhuys and Sundstrom [29] to obtain the true 
conductivity is also discussed in this part. The second part discuses the transient 
photoconductivity measurement of photoexcited GaAs. GaAs is a well known Drude-like 
material, and we use it as a benchmark sample to test the new analysis method. A 
comparison of the results using the new analysis method and the results obtained from the 
conventional method will be made. 
 Chapter 4 presents the study of photo-induced carrier dynamics in P3HT/PCBM 
blends. The different P3HT weight fraction blends, 0, 0.2, 0.5, 0.8, and 1, are studied with 
optical pump- THz probe time domain spectroscopy. The new analysis method enables us 
to resolve the transient photo-conductivity of these materials at sub-picosecond time 
scales. The conductivity is analyzed using the Drude-Smith model to determine the 
photon-to-carrier yield, average carrier mobility, and carrier density. A very fast 




analyzed in terms of dynamics of carrier density and mobility. Long term conductivity 
(10~300 ps) is also measured and the role of PCBM in the P3HT matrix will be discussed. 
Chapter 5 describes transient photoinduced properties of a semiconducting 
polymer, MEH-PPV. We use three different experiments to study the material: optical 
pump- THz probe time domain spectroscopy, DC-bias transient photoconductivity 
measurements, and photo-induced reflectivity change measurement. These experiments 
measure the properties at THz frequencies, DC, and optical frequencie, respectively. A 
model that combines the Drude-Smith model and the Lorentzian oscillator model is used 
to describe the behaviors of photoexcited carriers. The dynamics of free carriers, bound 
carriers, and phonons will be discussed in this chapter. 








For the typical terahertz (THz) time domain spectroscopy, THz pulses are 
required as a broadband radiation source to probe the material. There are several ways to 
generate THz pulses: the optical rectification effect [1][7], photo-conductive antenna [30], 
and semiconductor surface emission. The electric field of the THz pulses can be 
measured by the pump-probe technique where a detector is illuminated with a portion of 
the same laser pulses that are used to generate the THz. By changing the relative arrival 
time of THz pulses and probe pulses, one can measure the electric field of the THz wave 
in the time domain. Two typical detection methods used in THz spectroscopy are 
photoconductive switch sampling [30] and electro-optic sampling [1]. In our system, we 
use the optical rectification effect to generate THz pulses and electro-optic sampling for 
THz detection 
 In the first section, we will discuss the principle of optical rectification and 
electro-optic sampling. A method to estimate THz pulse energy by electro-optic sampling 
measurement and to estimate detector related distortion effects will also be addressed in 
this section. The second section discusses the experiment setup and the analysis method, 
which includes applying Fourier analysis, single layer medium transmission analysis, and 
the simple Drude model to extract physical properties in Drude-like materials. The last 
part describes the experiments that measure the steady state electronic properties of 





2.2 THz generation and detection 
 
2.2.1 THz generation: Optical Rectification 
 
Optical rectification is a non-linear optical process which describes the generation 
of DC polarization accompanying the passage of an intense laser beam through certain 
crystals. It was observed for the first time by Bass et al. in 1962 when a high power ruby 
pulse laser (694.3 nm, 1 MW/pulse, 10-7 s duration) was transmitted through potassium 
dihydrogen phosphate (KDP) and potassium dideuterium phosphate (KDdP) [31]. The 
phenomenon is the analogue of electric rectification which converts AC signal to DC. In 
nonlinear optics, optical rectification is a second-order nonlinear process and can be 
represented by [32] 
 
(2) *(0; , ) ( ) ( )P E Eχ ω ω ω ω= −    . (2.1)
 
For 100 femtosecond pulse laser, the bandwidth of the spectrum is about several THz, as 
shown in Figure 2-1.  The nonlinear dielectric polarization due to optical rectification can 
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where 0ω is the central frequency of the incident pulse, ωΔ  is the bandwidth of the 
incident pulse, and (2)ijkχ  is the second order nonlinear optical susceptibility tensor 
element of the nonlinear crystal. According to the formula, because the bandwidth of 
incident ultra-fast pulses is several THz, the nonlinear crystal emits electromagnetic 
pulses whose frequencies are in THz range. 
 






















Figure 2-1 Typical spectrum of 800 nm, 100 fs duration pulse laser 
 
Another trait of THz generation via optical rectification is that the electric field 
strength of generated THz waves is proportional to the input pump power. Figure 2-2 
shows the measured THz electric field peak amplitude dependence with pump power. 
The nonlinear crystal for THz generation is 1mm thick [110] zinc telluride (ZnTe) and 
pump source is 800 nm, 100 fs, 1 kHz repetition rate pulse laser. The linear relationship 
between the THz field and incident pump laser power implies that THz generation 




generation via optical rectification is more suitable for applications in amplified laser 
systems, which have high peak power in single pulse, than THz generation via the 


















Input laser power (mW)  
Figure 2-2 THz electric field peak amplitude vs. Input pulse laser power 
 
For nonlinear optical crystals, second order nonlinear susceptibility only exists in 
noncentrosymmetric crystals. We use ZnTe as the nonlinear crystal for THz generation 
via optical rectification process. ZnTe is a zinc-blende crystal and has a cubic, 43m  
point-group symmetry.  It has only one independent nonvanishing second-order nonlinear 
optical coefficient: 14 25 36d d d= = . It is a red color crystal and has an energy band-gap of 
2.26 eV at room temperature. Under intense 800nm pulse irradiation, it will not only 
generate THz radiation via optical rectification, but also emit green fluorescence light due 
to two photon absorption. 
In order to increase THz generation efficiency, longer interaction lengths (thicker 




thickness of the crystal. The phase matching condition for the optical rectification can be 
expressed as 
 
( ) ( ) ( ) 0opt THz opt THzk k kω ω ω ω+ − − =    , (2.3)
 
where ( )opt THzk ω ω+  and ( )optk ω  are the angular wavenumbers of different frequency 
components of the aser pulse, ( )THzk ω  is the angular wavenumber of the THz wave, 
optω and THzω  are the angular frequency of the laser pulse and THz wave. From (2.3), we 
get 
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 is the group velocity (speed of envelop of the wave) of the laser pulses. The 
relation indicates that when the phase velocity of THz wave is equal to the group velocity 
of the optical wave (the velocity of the pulse envelope), the phase matching condition is 























where c is speed of light, nopt is the optical (800 nm) index of the refraction of the crystal, 
and nTHz is the THz index of the refraction of the crystal. Using Equation (2.5), the 
relationship of coherence length and THz frequency for ZnTe by pumping with 800 nm 
pulses can be calculated and the result is shown in Figure 2-3. The data show that good 
phase matching is achieved for 1-mm-thick ZnTe when the THz frequency is below 2.3 
THz. Figure 2-4 shows the amplitude spectrum of THz radiation generated and detected 
by two 1-mm-thick [110] ZnTe crystals. The useful frequency range from 0.2 THz to 2.3 



























Frequency (THz)  
Figure 2-3 The calculation result of the coherence length vs THz frequency for ZnTe using 800 nm beam. 
The dotted line indicates the coherence length for 1-mm thick ZnTe crystal. 
 













Frequency (THz)  
Figure 2-4 THz amplitude spectrum using a 100 fs pulsed laser at 800 nm and generation and detection via 





2.2.2 THz detection 
 
2.2.2.1 Electro-optic sampling 
 
 Electro-optic sampling uses the linear electro-optic effect, also called that the 
Pockels effect, to measure the strength of the electric field (both positive and negative) 
which varies slower than the duration of optical probe pulses. The resolution of the 
technique depends on the duration of the optical probe pulses. When ultrafast optical 
pulses are used in the electro-optic sampling, the electric field of THz pulses can be 
mapped out by slowly varying the arrival time of the optical probe pulses without 
requiring very fast photodetectors. For each setting of the relative time delay, the optical 
probe is influenced by the small portion of the THz electric field which arrives at the 
detector crystal at the same time as the optical probe pulse. The polarization change of 
the probe pulse is proportional to the strength of the THz electric field, and can be 
averaged over many pulses to average out noise in order to achieve very high signal to 
noise ratio. Figure 2-5 shows the mechanism of the electro-optic sampling. 
The Pockels effect describes the phenomenon that the change of refractive index 
depends linearly on the strength of the applied electric field in some materials. The linear 
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This is a second-order optical nonlinearity, and therefore this effect only exists in 
noncentrosymmetric materials. 
In our system, we use a [110], 1 mm thick ZnTe crystal as the nonlinear crystal to 
detect the THz electric field. Figure 2-6 shows the experimental setup of electro-optic 
sampling for THz electric field detection. The THz pulse and optical probe pulse are 
collinear and arrive as the ZnTe crystal simultaneously. After the crystal, the probe beam 
passes through a quarter wave plate and a Wollaston prism, which is a polarizing beam 
splitter that separates the two orthogonal polarization components. The difference of the  
intensities of the two polarization components are then measured by a balanced detector. 
The relationship of this difference signal to the THz E-field requres a detailed discussion 
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ZnTe is a zinc-blende crystal and has a cubic, 43m  point-group symmetry. Its 














=    , 
(2.7)
 
where 41r = 3.9 pm/V for ZnTe [33]. The index ellipsoid in the presence of the THz field 
is given by 
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where xE , yE ,and zE are the THz electric field components along [100], [010], and [001] 
direction. Because the ZnTe crystal we use is [110] cut, we first make the transformation 
around z axis with a rotation 45°  
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In order to eliminate the mixed term to align the coordinate system with the major axes of 
the ellipsoid, another transformation is taken: 
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where α  is the angle of the THz polarization with respect to the [001] axis, as shown in 
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Right now we have the principle ellipsoid angle ( )θ α with respect to the [001] axis, see 
Figure 2-7, and the principal refractive indices '' ( )yn α  and '' ( )zn α . If we assume that the 
polarization of the probe beam is parallel to the normal direction of the optical table, that 
the angle of the quarter wave plate axis is 45°  with respect to the polarization of probe 
beam, and that the angle between [001] of ZnTe and the polarization of probe bream is φ  
(see Figure 2-7), then the probe beam polarization after the quarter wave plate can be 
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and L is the thickness of ZnTe. After passing through 
the Wollaston prism, the two polarization components of the probe beam are detected by 
the balanced detector, and the difference intensity can be derived[34], 
 
'' ''( , ) sin[2( ( ))]sin[ ( ( ) ( ))]p y z
LI I n n
c
ωα φ φ θ α α αΔ = − − . 
(2.18)
 
Using Eq. (2.14), (2.15), and (2.16), the equation can be simplified to: 
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According to equation (2.19), the signal gathered from the balanced detector is 
proportional to the amplitude of the THz electric field and to the intensity of the optical 
probing beam, as shown in Figure 2-2 and Figure 2-9. Figure 2-8 shows the detected 
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2.2.2.2 THz pulse energy detection 
 
The conventional method to measure the energy of THz pulses uses bolometers. 
However, to achieve good sensitivity, they have to be cooled by liquid helium, because 
the principle of bolometers is to measure the temperature increase due to the absorption 
of incoming electromagnetic waves. Another way to measure the energy involves 
estimating the strength of the THz electric field by electro-optic sampling using equation 
(2.19)[35]. If 1 2probeI I IΔ = −  is the intensity difference measured by the two detectors of 
the balanced detector, and the intensity of the probe beam can be expressed as 
1 2probeI I I= + , then in our system, the ratio /probe probeI IΔ  is 0.05 when measuring the 
peak amplitude. Using the 1-mm-thck, [110] oriented ZnTe crystal, the peak THz electric 
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The spot size of THz pulse on ZnTe crystal is about 2 mm, thus the total energy of single 
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With 350 μ J of the input 800nm pulse energy for THz generation, the estimated THz 
generation efficiency is about 710− . 
 
2.2.2.3 Detector response function 
 
From section 2.1.2 we get from equation (2.19) that the signal from the balanced 
detector is proportional to the electro-optic coefficient, propagation length, probe 
intensity, and THz electric field: 
 
41 p THzI r LI EΔ ∝    . (2.22)
 
The derivation is based on the assumption that the phase is perfectly matched between the 
THz pulse and the optical probe pulse. When the phase matching issue is considered, 
equation (2.19) can be rewritten as [36][37] 
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where ( , )EOP z t  is the propagating EO pulse: 
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The propagation speed of the THz pulse and the optical probe pulse may be different for 




may also be different when the second order susceptibility is a function of the frequency.  
Therefore, the desired signal ( , )THzE z t would be distorted by the detecting system. The 
equation (2.23) can be rewritten in the frequency domain [37] as 
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where ( )optC Ω  is the autocorrelation of the optical probe pulse: 
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and 0( , )k ωΔ Ω  is the phase mismatch between THz pulse and optical probe pulse: 
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Figure 2-10 shows the calculated detector response function of 1-mm-thick [110] ZnTe 
































Figure 2-10 Detector response function of 1-mm thick [110] ZnTe crystal. 
 
In steady state THz spectroscopy measurements (which means that the properties 
of the investigated sample are not time dependent), two measurements are taken: one is 
with the sample; another is without the sample.  The two measured signals will be 
transferred to the frequency domain and divided by each other in order to obtain the 
transmission coefficient. We can easily prove that the ratio of the two distorted signals is 
equal to the ratio of two undistorted signals using equation (2.25):  
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From equation (2.29), except for changes in spectral coverage, the consideration of the 
distortion due to electro-optical sampling does not affect the THz analysis. However, this 
effect should be taken into account in a non-steady state measurement and will be 





2.3 Experiment setup and Analysis 
 
2.3.1 Experiment setup 
 
 
Figure 2-11 Schematic drawing of the experimental setup for THz-TDS 
 
The optical pump-THz probe TDS setup is shown schematically in Figure 2-11. A 
Ti:Sapphire regenerative amplifier system (Spectra Physics Hurricane) provides a 1 kHz 
pulse train at a wavelength of 800nm with 120 fs pulse duration (full width half 




mJ/pulse energy. The beam is split into two parts. Most of the beam (> 99%) goes to a 1-
mm-thick [110] cut ZnTe crystal to generate THz pulses via optical rectification. The 
remaining part of the beam (< 1%) is used to detect the terahertz radiation via another 1-
mm-thick [110] cut ZnTe crystal by electro-optical sampling. 
 









































Figure 2-12 Left: autocorrelation measurement result for the 120 fs, 800nm pulse laser; Right: Zoom in 
plot of the left for higher time resolution. 
 
To increase the sensitivity of the terahertz system, several detecting techniques 
are applied. A balance detector is used to measure the small polarization change in 
electro-optic sampling. The signal is gated by boxcar to reduce the background noise. A 
lock-in amplifier phase-locks with a chopper, which modulates the 800nm laser beam that 
generates terahertz radiation for measuring the terahertz amplitude.  
The whole terahertz beam path from the transmitter to the receiver is enclosed 
and purged with dry nitrogen, because water vapor absorbs THz radiation strongly at 




propagating terahertz beam in dry air and in humid air. The water vapor absorption lines 
are indicated by the arrows[38].  
 


















 with water vapor
 without water vapor




















 with water vapor
 without water vapor
 
Figure 2-13 (left) THz waveform measurement under humid (top) and dry (bottom) environment. Note the 
waveform ringing of the top curve in the later time is due to water absorption; (right) THz Amplitude 




2.3.2.1 Transformation from time domain to frequency domain 
 
The raw data we gathered in the THz spectroscopy is the THz electric field in the 
time domain. Instead of the data in time domain, sometimes THz spectrum in the 




such kind of transformation. Since the raw data we collected is discrete in the time 
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where  ( )nf t  is the discrete data in the time domain, ( )kg f  is the transformed data in the 
frequency domain (also discrete), nt nτ= , n is the index of the data and τ  is the time 
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where k=0,…,N-1, and N is the total number of data points in the time domain. From the 
above equation we can conclude that the frequency resolution and highest available 
frequency in the frequency domain depends on the total measuring time and the time 
resolution of the data in the time domain. To obtain a wider frequency span and higher 
frequency resolution, a higher time resolution and longer time scan in the time domain 
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Figure 2-14 Transmission of single layer medium 
 
In THz-TDS measurement, the transmitted THz waveform is measured when a 
sample is placed in the path of the THz beam. Considering the multiple reflection effect, 
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where nr and ni are the real and imaginary parts of the index of refraction of the medium, 
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( ) / ( )sam refE Eω ω  on the left hand side can be obtained from the measured data. By 
separating the real and imaginary parts of equation (2.33), we can solve numerically for 
the real and imaginary parts of the index of refraction as a function of frequency. Once 
we have the real and imaginary parts of the index of refraction, the complex dielectric 
constant can be obtained by 
 
2)( irir inni +=+= εεε    . (2.34)
 
The complex dielectric constant and complex conductivity have the following relation: 
 
)/( 0/ ωεσεε iow +=    , (2.35)
 
where ow /ε  is the dielectric constant without free carrier presented (or undoped dielectric 
constant in the semiconductor). When the dielectric constant is measured, the complex 
conductivity can be calculated as 
 




2.3.2.3 Drude model 
 
The Drude model of electrical conduction was developed by Paul Drude in 1900 
to explain the transport properties of electrons in conductors. It assumes that the motion 
of electrons is driven by an applied electric field and damped by a frictional force due to 
collisions of the electrons with the ions: 
 
* *( ) ( ) ( )d d
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(2.37)
 
where dv is the drift velocity, 
*m is the effective mass, and γ is the scattering rate. The 
differential equation has the solution for an applied sinusoidal field 0( )
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(2.38)
 
The electron mobility is a quantity determined by the drift velocity of electrons and the 
applied electric field across a material. It can be written as 
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(2.39)
 
The electrical conductivity is equal to the product of carrier density, single carrier charge, 















   , (2.40)
 










= . If the value of the complex 




   ,

















Using the plasma frequency and damping rate, we can calculate the carrier density and 



















































Waveform in time domain
THz amplitude and phase 
in frequency domain




















































Chart 1 THz-TDS data analysis procedure 
 
Chart 1 shows the procedure of THz-TDS data analysis. The analysis procedure has 
the following steps: 
1. Measure the THz waveforms with and without sample in the THz path. 
2. Transfer time domain data to frequency domain by Fourier transformation. 
3. Calculate the complex index of refraction of the sample by solving the 
transmission formula (2.33). 
4. Calculate the complex conductivity. 
5. Calculate the plasma frequency and scattering rate by Drude model. 







2.4.1 Silicon measurement 
 
 Silicon is a well-known Drude like material. In this measurement, we use a silicon 
wafer as a benchmark sample to test our THz-TDS. The properties such as carrier density, 
dc conductivity, and carrier mobility will be extracted and compared with the 
manufacture’s data sheet. 
The silicon sample we used to test our terahertz time domain spectroscopy is a 
260-um-thick sample of 1~5 ohm-cm, double side polished p-type silicon. The doping 
level of the p-type silicon is about 31615 104.1~107.2 −×× cm . Figure 2-15 (top) shows the 
THz pulse transmitted through the sample (sample pulse) and the reference THz pulse 
with no sample present (reference pulse).  The peak amplitude of the sample pulse is 
about 50% of that of the reference pulse. The sample pulse amplitude and shape changed 
due to reflection losses, frequency-dependent absorption and dispersion of the sample. 
Figure 2-15 (bottom left) and Figure 2-15 (bottom right) show the frequency dependent 
amplitude and phase of these two pulses after Fourier transforming the time domain data 











































































Figure 2-15 (Top) THz pulse transmitted through the p-type silicon and the reference THz pulse with no 
sample present. (Bottom left) amplitude spectrum and (bottom right) phase spectrum of these two pulses. 
 
Using the transmission equation (2.33) and the frequency dependent data of 
amplitude and phase, the frequency dependent complex index of refraction of the sample 
can be obtained, as shown in Figure 2-16. The dielectric constant can be obtained by 
squaring the index of refraction, and then the complex conductivity can be calculated by 
equation (2.36). The undoped dielectric constant of silicon is (3.415)2 [30]. Figure 2-17 

































Figure 2-16 Complex index of refraction of the p-type silicon 
 































































Properties Measured by THz-TDS Data from Manufacturer 








    15105.2 ×      1615 104.1~107.2 ××  
Plasma Frequency 




( πγ 2/ ,THz) 
 
1  
Table 1 Data comparison of measured data by THz-TDS and the data from manufacturer. 
 
 
The conductivity can be fitted with the Drude model as shown in equation (2.40). 
For this P-type silicon we found the plasma frequency ( πω 2/p ) is 0.7 THz and the 
scattering frequency ( πγ 2/ ) is 1 THz. A combination of the measured plasma frequency, 
scattering rate, and the effective carrier mass, which is 0.37 free electron mass for the 
average of light and heavy holes [30], yields a carrier density of 15105.2 × cm-3 and carrier 
mobility of 600 cm2 V-1 s-1. These numbers are in good agreement with the data from the 





2.4.2 ITO measurement 
 
Non-contact measurements of conductivity of thin films have received 
considerable interest, because a non-contact method eliminates the effects associated with 
the presence of contacts and simplifies sample fabrication. Terahertz time-domain 
spectroscopy is a powerful non-contact technique to measure optical and electrical 
properties of materials in the terahertz region. In this measurement, we use THz-TDS to 
measure electronic properties of transparent electrode indium tin oxide (ITO) film and 
compare them with the results from ellipsometry measurement. 
The ITO film was obtained from DELTA Technologies™ and had a thickness of 
190 nm. The film covered a half of the quartz substrate and the film on another half 
substrate was removed for comparison measurement. The THz waveform was recorded 
after the THz passed through the substrate and the ITO film, and then was compared with 
the reference THz waveform gathered from THz that passed through the quartz substrate 
only. Figure 2-18(left) shows the complex index of refraction of the ITO versus 
frequency. Figure 2-18(right) shows the conductivity of ITO versus frequency. The result 
shows that the ITO has conductivity of 8200/ohm-cm, which agrees with the data from 
manufacturer, 7800~15000/ohm-cm. Both curves can be fitted well using the Drude 
model. 
Using the Drude parameters obtained from the THz-TDS at THz frequency, we 
can calculate the n&k value in IR region. Considering the fact that we use the data 




(~200 THz), the calculated IR data generally agrees with n&k measurement using 
ellipsometry, as shown in Figure 2-19. 
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Figure 2-19 Index of refraction of the ITO in IR region. The red curves are calculated using the Drude 









Optical pump- THz probe time domain spectroscopy (OPTP-TDS) is a technique 
which combines pump-probe measurement and THz-TDS spectroscopy. In an OPTP-
TDS measurement, an ultrafast optical pulse pumps a sample to generate excited carriers. 
Following the pump pulse, the photoinduced carriers are probed with a broadband pulse 
of THz radiation. Like other pump-probe measurements, the relative delay time of optical 
pump pulses and THz probe pulses can be adjusted by varying the flying distance of both 
pulses. The dynamics of photoexcited carriers thus can be followed in real-time. 
The analysis of OPTP-TDS becomes complicated when the event we observe is 
faster than the THz pulse widths, which have duration around 1 ps. Kindt and 
Schmuttenmaer [46] suggest that we can measure the THz waveform change by scanning 
the delay line of the THz transmitter with delays of THz receiver and pump delay fixed. 
The THz waveform change one obtains directly from the measurement would give 
directly the transient conductivity. This measurement method is widely used in OPTP-
TDS measurements. Recently, Nienhuys and Sundstrom’s theoretical analysis of the 
optical-pump terahertz-probe measurement showed that the conductivity we obtained 
using this method actually contains two time-dependent kinetics: one is the response of 
the charge carrier to an electrical field, and another is the time dependent carrier density 
dynamic. The conductivity does not have a straightforward physical meaning when the 




of the photoexcitation). Also, the fast dynamics we measured in the transient THz peak 
absorption experiment may not necessarily reflect the true sample dynamics for the same 
reason. In order to obtain the correct value of conductivity, a series of Fourier and time 
shifted transformations were suggested in these scenarios.  
In this chapter, we focus on two parts: The first part gives the theoretical 
derivation of the analysis method. The artificial conductivity we obtain directly from the 
optical pump-THz probe time domain spectroscopy using the conventional analysis 
method suggested by Kindt and Schmuttenmaer will be derived. A new analysis method 
regarding a series of transformations suggested by Nienhuys and Sundstrom to obtain 
true conductivity is also discussed in this part. The second part presents an experiment for 
transient photoconductivity measurement of photoexcited GaAs. GaAs is a well known 
Drude like material, and we use it as a benchmark sample to test the new analysis method. 
A comparison of the results using the new analysis method and the results obtained from 





3.2 Experiment method 
 
 
Figure 3-1 Schematic drawing of the experimental setup for OPTP-TDS 
 
The optical pump-THz probe time domain spectroscopy (OPTP-TDS) is a 
technique for measuring the time-resolved complex dielectric constant, absorption 
coefficient, and conductivity of a photo-excited sample in the THz frequency range. The 




THz time domain spectroscopy, as described in chapter 2, plus an optical delay arm for 
photoexcitation, as shown in Figure 3-1. The pumping wavelength, depending on the 
material properties of the sample, could be 800 nm pulse from the oscillator itself, or 400 
nm from a frequency doubler. To minimize temporal smearing, the pump pulses pass 
through the off-axis parabolic mirror and are collinear with the THz probe pulses before 
pumping the sample. Another important issue for OPTP-TDS experiment is that the pump 
pulse spot size must be larger than the THz probe spot size at the probing area [41][42]. 
In any pump-probe experiment, a uniformly excited medium is desired for probing.  For 
THz experiments, the THz pulse is a broadband source ranging in frequency from 0.2 
THz to 2 THz, corresponding to wavelengths of 1.5 mm to 0.15 mm. The spot size at 
focus point can be calculated from the diffraction limit formula [43]: 
 
..2 AN
d λ=    , 
(3. 1)
 
where d is the diameter of the spot, λ   is the wavelength of the THz wave, and N.A. is 
the numerical aperture. The N.A. for our system is 0.25. For the longest wavelength of 
the THz pulse, the spot size is 3 mm. The beam diameter of the optical pump pulses is 5 
mm, which is larger than the diameter of 3 mm for the lowest frequency of  the THz 
probe pulses at the sample thus making a uniform excitation on the probing area. 
There are two measuring modes for OPTP-TDS experiments: optical pump scans 
and THz probe scans. In optical pump scans, the peak of the transmitted THz waveform 
is monitored while changing the optical path length of the optical pump [44][45].  When 




amplitude of the transmitted THz waveform will decrease due to the photoexcitation of 
the sample. This measuring method provides a rough idea of the time dependent photo-
induced conductivity dynamic of the sample in a single scan measurement. However, it 
may not represent the exact conductivity dynamic, because the phase shift of the 
transmitted THz waveform for the different pump delay time might not be the same. 
The second measuring mode for OPTP-TDS experiments is THz probe scan 
[41][46][47]. This mode is suggested by Kindt and Schmuttenmaer [46] and involves 
scanning two different delay lines to obtain the two-dimensional (2D) plot. To clarify the 
measurement method, first we descrive the 3 delay lines in our OPTP-TDS system: (1) a 
delay line for optical pump (pump delay); (2) a delay line for THz generation (probe 
delay); (3) a delay line for THz detection (gating delay). There are 2 ways to do it: the 
first is to scan the gating delay at different pump delay times, as shown in Figure 3-2 and 
Figure 3-4 (a); another is to scan the probe delay at different pump delay time, as shown 
in Figure 3-3 and Figure 3-4 (b). The data obtained from the first method requires a 45 
degree transformation, thus each point in the measured waveform has passed through the 
sample after the same amount of time from the photoexcitation event [46]. The 
transformed data from the first method is exact the same as the data collected from the 
second method [46]. However, Nienhuys and Sundstrom [29] have shown that there are 
significant complications in obtaining the time dependent conductivity from this 
experimental method when the pump delay time is very short. Additional transformations 
are necessary for recovering the true time dependent conductivity. This part of the 















Pump pulse is modulated by a chopper.
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Figure 3-2 OPTP-TDS measurement method 1. The gating delay is scanned at different pump delay time 
(time 1, 2, and 3). The results can be presented in a 2D plot, as shown in the bottom plot. The results need 
to be transformed so that the 45 degree dash line will be the new x-axis of the plot after transformation. The 















Pump pulse is modulated by a chopper.
























Pump delay time 3
Pump delay time 2






























Figure 3-3 OPTP-TDS measurement method 2. The THz (probe) delay is scanned at different pump delay 


























































































Figure 3-4 Two-dimensional (2D) contour plot of THz amplitude difference for photo-exited GaAs. Plot (a) 
was obtained by varying the gating delay time (x axis) and pump delay time (y axis). Plot (b) was obtained 
by varying probe delay time (x axis) and pump delay time (y axis). The dash lines in (a) (45 degree) and in 
(b) (0 degree) represent the same THz amplitude difference data. 
  
In THz-TDS systems, linear translation stages are usually used for varying the 
optical path length. They are accurate and have a long range, but they scan slowly. In 
OPTP-TDS system, linear translation stages can be used when the degradation of the 
sample is negligible, such as many inorganic semiconductors. However, when a sample 
suffers considerable degradation during the measurement, such as some semiconducting 
polymers, the slow scan inherent to the linear translation stages may produce incorrect 
data because the properties of the sample have been changed during the scan. To 
overcome this scenario, we use mechanical vibrators to drive the retroreflectors to get a 
rapid scan (1 Hz). The mechanical vibrator we used is basically a big speaker which can 




vibrators which are driven by a 1 Hz sinusoidal electric wave. The scan result is 
monitored on an oscilloscope, which can average the result of multiple scans.  Because 
the movement of the vibrators is not linear, a displacement (or time) calibration is 
necessary. By comparing the measurement result from the vibrators and linear translation 
stages, the calibration curve between the data measured by the vibrators and the linear 


























3.3 Analysis method 
 
3.3.1 Multilayer transmission 
 
In OPTP-TDS experiment, the samples are photo-excited by optical pump pulses 
and photo-induced carriers are generated. Unlike the carriers in the homogeneous 
samples for steady state THz-TDS measurements, the photo-induced carriers are not 
uniformly distributed in the sample when the sample thickness is larger than the 
penetration depth of the optical pump. When the absorption is linear (i.e. no two photon 
absorption or other higher orders involved), the photo-induced carrier density decays 
exponentially, as shown in Figure 3-6.  To calculate the THz transmission of the sample, 
the photo-excited sample can be treated as an N-layer system and each layer has a 













Figure 3-6 The decay of the carrier density in the photo-excited sample. The carrier density can be 





The relationship between transmission and index of refraction of the excited 
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where k is the angular wavenumber of the probing electromagnetic wave, ni and di are the 
index of refraction and thickness of the layer i, n0 is the index of refraction of the medium 
of incident wave, and ns is index of refraction of the medium of transmission wave. The 
transmission coefficient t can be measured directly by measurement. Following the same 
analysis procedures for single layer medium, we can calculate the complex index of 





3.3.2 Thin film approximation 
 
The sample in OPTP-TDS experiment can be treated as a very thin sample when 
the skin depth of the sample for optical pump wavelength is much smaller than then THz 
probe wavelength (~ 300 micron). For a very thin sample, one can derive that the current 
induced on the sample is equal to the electric field difference between the reference 
electric field (which is the field that passes through the un-excited sample) minus the 
electric field that passes through the excited sample [29], as shown below: 





















Using the curl of the curl identity, we get 
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Assuming the THz absorption is very small and can be neglected, the THZ pulses can be 
described as wave packets, as shown in Figure 3-7: 
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Figure 3-7 The current J(t) is generated in a thin sample with thickness L. Ain, Atr, and Ar represents the 
incident THz pulse, transmitted THz pulse, and reflected THz pulse. 
 







( ) ( , ) ( , )
( / ) ( / ) ( / )  
( / ) ( / ) ( / )( ) ( ) ( )  
( / ) ( / ) ( / )
z z
tr B in A r A
z z
tr B in AB A r A A
B A Az z
L J t E z t E z t
c t z z
A t zn c A t zn c A t zn c
z z
A t zn c A t zn cn n A t zn c n
t zn c c t zn c c t zn c c
n
ε = + = −
= + = −





= − − − + +
∂ ∂
⎛ ⎞∂ − ∂ −− ∂ +
= − − +⎜ ⎟∂ − ∂ − ∂ +⎝ ⎠
−
=
( ) ( ) ( )    .tr inB A A rA t A tn n A t







At time=0, there is no electric field nor photo-induced current: 
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Without optical pump, there is no photo-induced current, 
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Combine (3. 11) and (3. 12), we obtain 
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Figure 3-8 The photo-induced current in the sample is proportional to the difference of the electrical field 
of the reference THz pulses Atr0 (without optical pump) and signal THz pulses Atr (with optical pump). 
 
3.3.3 Data correction in the beginning of excitation 
 
THz pulses are single cycle electric pulses with duration around 1 ps. In OPTP-
TDS measurement, when the THz pulses are probing an event which is much slower than 
the duration of the THz pulses, it can be treated as a steady state problem and the physical 
properties of the sample can be analyzed as we described in the previous chapter. 
However, when the THz pulses are probing an event which is comparable or even faster 
than the duration of the THz pulses, like the properties at the time when the material is 
just photo-excited, it becomes a non-trivial problem and needs to be considered carefully. 
In order to measure the photoconductivity in the situation when the material is just photo-
excited, or shortly thereafter, Kindt and Schmuttenmaer introduced a measurement 




after the same amount of time from the photo-excitation event [46]. It can be done by 
either applying 45 degree transformation analysis to the data obtained from fixing the 
optical pump delay line and the THz probe delay line and scanning the gating delay line, 
or keeping the optical pump delay line and gating delay line fixed and scanning the THz 
probe delay line [41][46][47]. This method has been followed by many OPTP-TDS 
measurements [48][49][50]. Recently, Nienhuys and Sundstrom showed that there are 
significant complications in obtaining time resolved conductivity from this experiment 
method for the time when the sample is just excited or shortly thereafter [29]. They also 
suggested a series of transformations for data analysis to obtain the true conductivity. 
This shall be explained below. 
First let us consider the single charge impulse response. For a monochromatic 
wave tieEtE ω−= 0)( , the relation between complex conductivity )(ωσ , )(tE , and electric 
current density J(t) is 
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Thus, The frequency-domain conductivity can be defined as 
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(3. 15)
 
Because the THz time domain spectroscopy collects data in the time domain, we should 




current density that would result from applying a delta-pulsed electric field to a single 
charge. Using (3. 15), the conductivity for single charge impulse response is 
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Therefore, the current induced by the input impulse field (delta function) is 
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For example, if we consider a material whose electrical conductivity follows the Drude 
model, the single charge input response can be calculated by applying inverse Fourier 
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where U(t) is the unit step function. The response is an exponential decay function, as 















Single charge impulse response j0(t)







Figure 3-10 The single charge impulse response j0(t), charge carrier density N(t), and the THz electrical 
field E0(t). 
 
Consider a picture that relative to the input THz probe wave, the optical pump 
pulse arrives at time 0τ  and the sampling pulse arrives at time t, as shown in Figure 3-10. 
The current dynamic related with the time dependent charge carrier density function and 
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In the experimental method proposed by Kindt and Schmuttenmaer, which fixes the 
optical pump delay line and gating delay line while scanning the THz probe delay line, 
the time difference between the  optic pump arrives 0τ  and the sampling time (gating 
time) t is fixed with a certain time τ . In other words, 0τ  is a function of the time t and τ . 
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The current TJ  is related to the THz wave difference measurement in our experiment, as 
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which is different from the result of the steady state case: ))](([)( 0 ωωσ tjFN ⋅=  and 
does not have a straightforward physical meaning because carrier density function 
couples into the conductivity in the frequency domain. 
In order to retrieve the true conductivity, a series of transformations are suggested 
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Define a new conductivity that 
 
0
( , ) ( , )
( ) ( )   .
Tt t t
N j t







Take the Fourier transform to transfer back to the frequency domain: 
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Notice that the new conductivity is not coupled with a time varying carrier density 
function anymore. We successfully decouple the dynamic of carrier density from the 




order to perform the transformation in (3. 23), we note that a two dimensional scan is 
necessary to obtain sufficient information. 
 
3.3.4 Detector response correction 
 
In chapter 2 we have discussed that the measured THz waveform is actually the 
result of a convolution of true THz waveform and the detector response function, due to 
the dispersion effect in the E-O detecting crystal. We have proven that the distortion 
caused by the detector can easily be canceled out when we only consider the ratio of the 
transmitted THz wave and the reference THz wave in the steady state THz-TDS 
measurement. In non-steady state OPTP-TDS measurements, due to the complications of 
THz duration and carrier dynamics, several transformations are required in order to 
obtain the true physics, as we discussed in the previous section. Prior to performing that 
data analysis, obtaining the undistorted transmitted THz wave from the measurement is 
essential for accurate measurement. 
To acquire the undistorted transmitted THz wave in a OPTP-TDS measurement, 
first we need to know the detector response function. The detector response function can 
be calculated if we know the index of refraction of the detecting crystal at both THz and 
optical frequencies, as we discussed in chapter 2. Second, we need to know the distorted 
THz waveform. It can be measured directly by fixing the optical pump delay line, the 
THz probe delay line, and scanning the gating delay line. Another way to do it is 
applying the 45 degree transformation to the data obtained by fixing the optical pump 




undistorted transmitted THz waveform is then deconvolved from the detector [41]. 
Finally, the deconvolved data are numerically transformed back to the constant pump-
gating times so that every portion of measured THz transient experiences the same delay 
from the optical pump. Once the data have been correctly deconvolved and numerically 
projected, the correction transformation we discussed in the previous section can be 




3.4.1 Photoexcited silicon 
 
In this experiment, we measure electric properties of the photoexcited silicon by 
OPTP-TDS at a time 10 ps after photoexcitation. Although it is a photoexcitation 
experiment, the measurement and analysis are similar to the steady-state measurement we 
discussed in chapter 2. The reason is that the photo-induced charge carrier density at the 
time around 10 ps is almost a constant, just like steady state, for the duration of the THz 
probe pulse. The experimental setup is described in section 3.2. The silicon sample is 
photoexcited by 400nm pulses, and each pulse has energy 4 μ J. The silicon sample is a 
p-type, 4 ohm-cm silicon wafer. The wafer is double side polished, and has a thickness of 
276 micron and [111] orientation. Figure 3-11 shows the THz peak amplitude changes 
resulting from varying the 400nm pump pulse delay. It shows that silicon has a short rise 


























Figure 3-11 THz peak amplitude change versus 400nm pump pulse delay time 
 
Two THz measurements were made for the analysis. THz probe signals were 
collected at 10 ps increment delays after exposing the sample to the 400nm optical pulse, 
and a reference THz signal was taken before the 400nm pump pulse arrived the sample. 
The absorption coefficient of silicon at 400nm is 50000 cm-1 [51], so most of the 
photoexcited carriers will be generated within the skin depth which is less than 1 micron. 
We assume that the photoexcited carrier density decreases exponentially, so one hundred 
10nm thick homogeneous layers were used to model the graded index change. The 
relationship between transmission and index of refraction of the excited region can be 
obtained using a multilayer transmission formula (3. 2). Figure 3-12 (left) shows the 
obtained complex index of refraction versus frequency. The Drude model describes the 
frequency dependence of the complex dielectric constant ε  (equal to the square of the 
complex index of refraction) and the complex conductivity σ according to the relations  
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where 2/ )415.3(=owε [30], pω  is the plasma frequency and 1/υ γ=  is the scattering rate. 
Using the complex index of refraction, the complex conductivity can be obtained, as 
shown in Figure 3-12 (right). The experimental data can be fit reasonably well by the 
Drude model, as shown in Figure 3-12. The values of plasma frequency πω 2/p = 32 THz 
and scattering rate πυ 2/ =4 THz were then obtained from the complex conductivity 
fitting. For photoexcitation, we assume that the number of generated electrons and holes 
are the same. We use the effective carrier mass 0.315 me obtained by averaging effective 
the electron mass and effective hole mass of silicon, where me is the free electron mass 
[30]. With this assumption, the photoexcited carrier density of 18104 ×  cm-3 and the 
carrier mobility of 200 cm2 V-1 S-1 were calculated. The measured carrier mobility of 200 
cm2 V-1 S-1 is much lower than the mobility of 500 cm2 V-1 S-1 of the p-type silicon before 
photoexcitation. The measured photoexcited carrier density roughly agrees with the 
average absorbed photon density of 18108 ×  cm-3 obtained by dividing the 400nm pulse 
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Figure 3-12 (Left) Complex index of refraction of photoexcited p-type silicon. (Right) Complex 
conductivity of photoexcited P-type silicon. The solid lines are fits using a Drude model. 
 
3.4.2 Photoexcited GaAs 
 
In the previous section we discussed the measurement of photo-induced 
conductivity of photoexcited silicon at 10 ps after excitation. Although it is an OPTP-
TDS experiment, the physical properties of photoexcited silicon at 10 ps after 
photoexcitation do not change much. It is effectively a steady state THz-TDS 
measurement, so we used the steady state analytic method to analyze the data. Beard et al. 
[41] measured the transient photoconductivity in GaAs by OPTP-TDS using Kindt and 
Schmuttenmaer’s analysis method, as we discussed in 3.2. Because the physical 
properties change abruptly during this period, however, it is a non steady state 
measurement. They observed that the conductivity for higher THz frequencies rises 
initially and then gradually decreases to the steady state value, while the conductivity for 
lower frequencies rises continuously until reaching the steady state value [41]. Later, 




data are more complicated than originally thought [29]. They suggest a series of 
transformations to obtain the true conductivity from coupled data, as we discussed in 
3.3.3. In this section, we are going to discuss the photo-induced conductivity 
measurement of photoexcited GaAs from a time before the photoexcitation to a time 10 
ps after the excitation, verifying the Nienhuys and Sundstrom’s theoretical prediction, 
and obtaining the true transient conductivities from the correction transformations. 
GaAs is used as a benchmark sample in our OPTP-TDS measurement. This is 
because GaAs is a sample that the carrier dynamics can be well described by the simple 
Drude model. The experimental setup is described in section 3.2. The optical pump is 800 
nm pulses (1.55 eV), which is just above the energy gap of GaAs (1.43 eV for 
temperature = 300 k [52]) to eliminate the possibility of higher energy band transition 
[41]. The pump beam has energy 0.12 μ J/pulse with 5 mm diameter (fluence: 161046.2 ×  
photons/m2) to keep the photoexcited carrier density low. The sample is double side 
polished 2” semi-insulating GaAs wafer from AXT. The thickness is 0.35 mm and the 
surface orientation is [100] to ensure that it doesn’t generate THz radiation upon normal 
incidence photoexcitation [53]. 
Complete OPTP-TDS measurements require collecting a series of THz difference 
probe scans by changing the optical pump delay time step by step. The results of 
measurement are shown in Figure 3-4. The detector response was deconvolved from the 
measured wave form as we discussed in section 3.3.4 before further data analysis.  
First we analyze the photo-conductivity at the time 10 ps after the initial pump 
(steady state condition) to obtain the key parameters and as benchmark.  Figure 3-13 




pump as well as the THz reference scan of the unexcited GaAs. Because it has reached 
the steady state (we can judge it from the raw difference data in Figure 3-4.), we can 
analysis the data in the same way as we do in THz-TDS measurements. 
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Figure 3-13 Typical THz probe scan obtained from GaAs. Black line is the reference scan of the unexcited 
GaAs. Red line is the difference scan of the photoexcited GaAs at the time 10 ps after the initial pump 
multiplied by a scaling factor 10. 
  
Figure 3-14 shows the real and imaginary conductivity of the photoexcited GaAs 
at the time 10 ps after the initial pump. The lines are the results of fitting using the Drude 
model. Here, we use 0.067 me as the effective mass of the electron in GaAs [54], the 
dielectric constant = (3.595)2 for undoped GaAs [55], and the skin depth=0.66 mμ  [52]. 
The Drude model fits the experimental data well, and generates reasonable numbers of 
the electron mobility and carrier density, as shown in Table 3-1. The room temperature 




measured by ref [41]. The carrier density obtained from the fit is 16109.1 × cm-3 and is 
similar to that calculated based on the fluence, the transmittance, and the skin depth 
(N= 161053.2 ×  cm-3). 
 





























Figure 3-14 Real and imaginary conductivity of the photoexcited GaAs at the time 10 ps after the initial 
pump. The lines are the results of fitting using the Drude model. 
 
Carrier density  1.9x1016 cm-3 
Mobility   5750 cm2V-1s-1 
Plasma frequency (ωp/2π) 4.8 THz 
Scattering rate (γ) 4.5 THz 
Scattering time (τ=1/γ) 0.22 ps 





Figure 3-15 (a) and (c) shows the two-dimensional (2D) contour plot of the real 
part and imaginary part of the photo-induced conductivity of photoexcited GaAs from -2 
to 10 ps. We also observed the phenomenon that the conductivity for higher frequencies 
rises initially and then gradually decreases to the steady state value, while the 
conductivity for lower frequencies rises continuously until reaching the steady state value 
as in ref [41]. According to Nienhuys and Sundstrom’s analysis [29], this is an artificial 
phenomenon caused by the convolution of the time dependent carrier density function 
and the single charge current response function, as shown in (3. 21). Using the Drude 
parameters we measured in Table 3-1 and assuming the time dependent carrier density 
function is 
 
( ) 0, 0   ,











where  rt  = 0.15 ps is the carrier density rising time, we can simulate the real part and 
imaginary part of the photo-induced conductivity of photoexcited GaAs, as shown in 
Figure 3-15 (b) and (d). From the results of simulation, the artificial conductivities in the 
beginning of the photoexcitation are similar to those resulting from analysis of the 
experimental data using the Kindt and Schmuttenmaer’s method, as shown in Figure 3-15 












































































































































Figure 3-15 Two-dimensional (2D) contour plot of real part (a) and imaginary part (c) of photo-
conductivities using Kindt and Schmuttenmaer’s analytic method. (b) and (d):  Simulation results of real 








































































































































Figure 3-16 Two-dimensional (2D) contour plot of (a) real uncorrected photo-conductivity of photoexcited 
GaAs in the frequency domain; (b) the uncorrected  photo-conductivity in the time domain; (c) the 








Now we apply the correction transformations, as discussed in section 3.3.3, to the 
uncorrected conductivity data. The uncorrected real conductivity is shown in Figure 3-16 
(a). First we transform the frequency domain data to the time domain using equation (3. 
22), and the result is shown in Figure 3-16 (b). Next, we apply the equation (3. 23) to 
make the 45 degree axis transformation. Figure 3-16 (c) shows the results and is actually 
the product of the time dependent carrier density function and the single charge current 
response function. In the last step, we transform the result back to the frequency domain 
using equation (3. 24), and the result of the corrected conductivity is shown in Figure 3-
16 (d). Comparing Figure 3-16 (a) and (d), it is clear that the artificial conductivities 
disappear after the correction transformation.  
 
























































Figure 3-17 (a) uncorrected and (b) corrected complex photo-induced conductivity of photoexcited GaAs 






Figure 3-17 shows the uncorrected and corrected complex photo-induced 
conductivity of photoexcited GaAs at the time 0.8 ps after the initial photoexcitation. The 
lines show the Drude model fits using the parameters in Table 3-1, which are obtained 
from the conductivity measured at the time 10 ps after the photoexcitation. For the 
uncorrected data in Figure 3-16 (a), the conductivities deviate from the conductivities 
obtained the later time in the steady state condition. However, after the data correction 
transformations, the conductivities at 0.8 ps basically are the same as the conductivities 
measured at later time and follow the simple Drude model. 
From this experiment, we establish the correct measurement and analysis methods 
for OPTP-TDS to obtain the time-resolved photo-induced conductivity. The photo-
induced conductivities of photoexcited GaAs from just after excitation to the time 10 ps 
after excitation basically follow the simple Drude model. The artificial conductivities at 
the beginning of the excitation predicted by Nienhuys and Sundstrom are observed, and 
the true transient conductivities are obtained by applying the correction transformations 








Photovoltaic devices based on bulk heterojunctions consisting of conjugated 
polymer and fullerene composites have been intensively investigated recently as 
alternative renewable energy sources. The development of this technology promises to 
produce low-cost solar energy harvesting devices capable of being implemented on large 
area surfaces with high form factor. The current state-of-the-art power-conversion 
efficiency of 6% has been reported using regio-regular poly(3-hexylthiophene) (P3HT) as 
donor and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as acceptor molecules (see 
Figure 4-1 for molecular structures) in a tandem cell device structure [28]. The efficiency 
of these photovoltaic devices is governed by a series of optoelectronic processes starting 
with light absorption, followed by ultrafast charge-transfer from donor to acceptor and 
subsequent exciplex dissociation into electron and hole, and concomitant charge transport 
and collection to the respective electrodes [77]. Understanding the charge dynamics in 
each of these processes is critical towards the development of high efficiency polymer-
based solar cells.  
Time domain terahertz (THz) spectroscopy is a powerful non-contact technique 
for measuring both the real and imaginary parts of the complex conductivity, allowing an 
investigation of transient dynamics of carriers in semiconducting polymers by means of 
optical-pump THz-probe time domain spectroscopy (OPTP-TDS) [48] [50][77] [78]. 




probe experiment points out that there are significant complications in obtaining correct 
conductivities from experimental data for times just after the sample is photoexcited [29]. 
In chapter 3, we conducted time resolved photoconductivity measurements of GaAs and 
verified the theoretical analysis. In this chapter, we study the charge-carrier dynamics in 
P3HT/PCBM blends using the modified THz data analysis processes suggested by 
Nienhuys and Sundstrom. We find that a significant drop in conductivity during the first 









Figure 4-1 Molecular structure of (a) Poly(3-hexylthiophene) (P3HT), and (b) [6,6]phenyl-C61-butric acid 





4.2 Experimental methods 
 
Organic bulk heterojunctions consisting of a blend of regioregular P3HT (Rieke 
Metals, 90~93% regioregular) as donor and PCBM (Nano-C) as acceptor molecules were 
investigated for this work. The photovoltaic characteristics of devices fabricated using 
these materials as the active layer are known to depend on the blend composition. To 
study the carrier dynamics that are responsible for the photovoltaic properties, a series of 
P3HT:PCBM solutions of varying ratio by weight (weight ratio = 1:0, 4:1, 1:1, 1:4, and 
0:1) were prepared. The solutions were stirred overnight at 50oC to uniformly disperse 
the organic components in dichlorobenzene. Films, approximately 10 μm thick were 
prepared by drop-casting the solution onto a quartz substrate and allowed to dry slowly at 
room temperature to promote the ordering of the P3HT chains. We estimate the optical 
densities (OD) of the samples at 400 nm wavelength to be larger than 3.0, which ensures 
that the sample absorbs all of the excitation light. The films were prepared under nitrogen 
atmosphere inside a glovebox system to minimize the photo-oxidative degradation. 
Details of the setup of the optical pump THz probe time domain spectroscopy 
measurement (OPTP-TDS) were discussed in chapter 3. A 1 mJ, 800 nm, 100 fs 
amplified Ti:sapphire laser with 1 kHz repetition rate is used as the fundamental laser 
source for the THz system. The THz probe pulses, about 1 ps duration single cycle 
electromagnetic pulses, are generated via optical rectification by shining 350 μJ, 800 nm 
pulses onto a 1-mm-thick [110] ZnTe crystal. The THz pulses are collected, collimated, 
and focused onto the sample with 90 degree off-axis gold coated parabolic mirrors to 




are pumped with 300 μJ, 400 nm pulses (fluence = 3x1019 photons/m2) obtained from 
second harmonic generation of the 800 nm pulses using an optical frequency doubler. 
The 400 nm pump pulse has a beam diameter of 5 mm, which is much larger than the 1 
mm diameter of the THz probe pulse at the sample ensuring a uniform excitation of the 
probed region.  The THz probe pulses are transmitted through the photoexcited sample to  
modulate the carrier density. The pump-induced modulation of the THz electric field is 
less than 1% in the measurement, as shown in Figure 4-2. The transmitted THz pulses are 
again collected, collimated and focused onto another 1-mm-thick [110] ZnTe crystal. The 
pulses are collinear with the 10 nJ of 800 nm gate pulses to measure the electric field 
amplitude via the free space electro-optic sampling.  
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Figure 4-2 The electric field E(t) of the THz pulse (red line) transmitted through the P3HT/PCBM 1:1 





The experimental data are collected by the two-dimensional (2D) scan method as 
described in Refs [41][46]. A series of THz difference waveforms are obtained by 
chopping the optical pump pulses and delaying the optical pump arrival time. We use a 
mechanical vibrator to drive a retroreflector to get the rapid scan (1 Hz) in order to 
minimize the effect of degradation of the polymer, as we discussed in section 3.2. Each 
THz difference waveform scan is obtained by averaging 1000 rapid scans on an 
oscilloscope (about 15 minutes), and has different optical pump arrival times in 
increments of 0.5 ps, as shown in Figure 4-3. The distortion from the detector response of 
1-mm-thick ZnTe crystal is deconvolved numerically from each measured wave form, as 
we described in section 2.3.2.3. The data are processed so that each point in the measured 
waveform has passed through the sample after the same amount of time from the 
photoexcitation event [46]. 
 



































Equation (3.6) and (3.7) are used to calculate the complex conductivity. The 
terahertz refractive indices of the P3HT/PCBM blends are approximated by the weight 
average of P3HT, the index = 2.22, and PCBM, the index = 1.35 [49]. The skin depth of 
the blends for 400-nm photoexcitation can be calculated from the optical absorption 
spectra of P3HT and PCBM [80], as shown in Figure 4-4. The 2-D real and imaginary 
conductivity contour plots are obtained by calculation directly from each different 
waveform scan, as shown in Figure 4-5 (a) and (c). In the final step, the correction 
transformations as we discussed in section 3.3.3 are applied to the uncorrected 














Figure 4-5 2-D real and imaginary conductivity contour plots of P3HT/PCBM 1:1 before (a,c) and after 










































































































































4.3 Analytic methods 
 
4.3.1 Drude-Smith model 
 
The Drude-Smith model was derived by N. V. Smith [75] based on the impulse 
response approach and Poisson statistics. It is used to describe the infrared properties of 
poor metals that display a peak in the optical conductivity at nonzero frequency, which 
cannot be explained by simple Drude model. The model is derived in the following 
paragraphs. 
In probability theory, the Poisson distribution is a probability distribution that 
describes the probability of a number of events occurring in a fixed period of time if these 
events occur with a known average rate and independently of the time since the last event. 






k λλλ −=    , 
(4. 1)
 
where k is the number of occurrences of an event, and λ is the expected number of 
occurrences that occur during the given interval. Suppose that a charge experience 
collisions that are randomly distributed in time but with an average time interval τ 
between collision events. The probability )/,( τtNp  of N collision events in the time 
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(4. 2)
 
Assume that the initial impulse response current at time 0 is j(0), then the impulse 
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where the coefficient cN represents that fraction of the charge’s original velocity that is 
retained after the Nth collision. It can be interpreted as a memory or persistence of 
velocity effect. The complex frequency-dependent conductivity is the Fourier transform 
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This generalized Drude formula is what we called Drude-Smith model. In the case that 
there is no memory effect in the scattering events (cN = 0), the Drude-Smith model 
reduces to the original simple Drude model. 
 Under the first order approximation, we assume that persistence of velocity is 
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(4. 5)
 
The effects of persistence of velocity in the real part and imaginary part of conductivity 
are shown in Figure 4-6. In the real part of conductivity, when c is equal to 0 (Drude), the 
maximum conductivity is at zero frequency.  When c is a negative number, the maximum 
conductivity shifts to some non zero frequency. The differences are also shown in 
imaginary conductivity. When c is close to -1, the conductivity even goes to negative 
values in the low frequency region. Smith applied this model to some poor conductors 
which have unusual low-frequency behavior of conductivities. He successfully modeled 
the conductivity of liquid mercury with a value c= -0.49, and the conductivity of the 
















































Figure 4-6 The effects of persistence of velocity in (a) real part and (b) imaginary part of conductivity. 
 
In the data analysis, the average effective mass of carriers in the Drude-Smith 
model for the P3HT/PCBM blends is held constant at 1.7 me [79]. The Drude-Smith 
model is used to fit the conductivity spectra data obtained from processed experimental 
data discussed in previous section. The least squares fitting method is used to fit both real 
and imaginary parts of conductivity simultaneously. The carrier density, scattering time, 





4.4 Results and Discussion 
 
4.4.1 Short Term Conductivity 
 
Figure 4-7 shows the real part and imaginary part of the frequency dependent 
conductivity of photoexcited P3HT/PCBM 1:1 blend before and after the correction 
transformations for 0.5 ps after photoexcitation. The solid lines are the results of a fit of 
the data using the Drude-Smith model. Comparing the uncorrected conductivities with 
the corrected conductivities, some obvious differences are observed. In the real part of the 
conductivities, the uncorrected data are underestimated at lower frequency. On the other 
hand, the uncorrected data are overestimated at lower frequency and underestimated at 
higher frequency in the imaginary part of the conductivities. When we apply the Drude-
Smith model to fit the data, the corrected conductivities allow better fitting of the results 
than the uncorrected data, as shown in lines in Figure 4-7. It is similar to the GaAs 
measurement that the corrected data have better fitting to a pure Drude model than the 
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Figure 4-7 The real part and imaginary part of the frequency dependent conductivity of photoexcited 
P3HT/PCBM 1:1 blend before and after the correction transformations for times 0.5 ps after 







































































































































Figure 4-8  Corrected 2-D real and imaginary time-resolved conductivity spectra contour plots of P3HT (a) 
and (b), P3HT/PCBM 4:1 (c) and (d) 
 
(a)P3HT (b)P3HT















































































































































Figure 4-9 Corrected 2-D real and imaginary time-resolved conductivity spectra contour plots of 
P3HT/PCBM 1:4 (a) and (b), and PCBM (c) and (d) 
(b)P3HT





Figure 4-8, Figure 4-9, and Figure 4-5 (b,d) show the corrected 2-D real and 
imaginary time-resolved photo-induced conductivity spectra contour plots of P3HT, 
P3HT/PCBM 4:1 blend, 1:1 blend, 1:4 blend, and PCBM. In order to compare the 
conductivity in different blends, we slice the corrected 2D time resolved conductivity 
spectra at frequency 1 THz, and the result of the corrected real (σreal) and imaginary 
(σimag) parts of the time-resolved conductivity of P3HT/PCBM blends at 1 THz from -2 
to 10 ps delay time is shown in Figure 4-10. Presenting the data this way for carrier 
dynamics is different from the traditional method, which is to measure the time resolved 
transmittance changes of the peak of the THz probe [48][77][50][78]. This method avoids 
the influence of the time profile of the THz probe pulse to the peak transmittance changes 
measurement, which is the result of the convolution of the THz probe pulse, carrier 
density function, and single charge impulse response [29]. For different blend ratios, the 
P3HT/PCBM 1:1 blend has the highest conductivity. Figure 4-11 shows the results of 
comparing the real conductivity of different P3HT/PCBM blends at frequency of 1THz at 
the time 2.5 ps after photoexcitation. It agrees with the results of P3HT/PCBM photocell 
measurements that 1:1 blend give the best performance.  The data also show two different 
temporal behaviors for real conductivity for all blends. The first one is the very fast rise 
and fast decay in the first pico-second. The second one is a slower gradual decay after 2 
ps. For the time resolved imaginary conductivities, the mixtures (0.8, 0.5, and 0.2 blends) 
don’t change much after photoexcitation, while the pure materials (P3HT and PCBM) 
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Figure 4-11 Real conductivities for 1 THz at 2.5 ps after excitation versus different P3HT/PCBM blend 
ratio. 
 
In order to analyze these dynamics, model fitting to the time resolved conductivity 
spectrum is carried out to obtain other physical properties. Figure 4-12 shows the 
complex conductivity at the probe delay time 0.5, 1.5, and 8.5 ps for the different weight 
ratio of the P3HT/PCBM blends. The lines are the results of fitting using the Drude-
Smith model, and the extracted parameters are shown in Table 4-1. The scattering time, 
τ , plasma frequency, pω , and the parameter of persistence of velocity, c, were extracted 
directly from the fitting. The dc mobility, [ ]cmeDC += 1/_ *τμ , and carrier density,  
2*2
0 / emN pωε= , can be obtained by assuming 1.7 me  as the effective mass [79]. Indeed, 
the uncertainties in the effective mass affect the uncertainties in the values of the mobility 
and carrier density. Nevertheless, we can still compare the relative changes of the time 



































































































































 Figure 4-12 Complex conductivity at the probe delay time 0.5, 1.5, and 8.5 ps for (a) pure P3HT, (b) 











Table 4-1 Results of the application of a Drude-Smith model based analysis of frequency dependent 

















0.5 42 43 2.46 1.64 -0.84 7.1 
1.5 31 32 2.11 1.41 -0.87 4.1 
2.5 31 32 1.59 1.06 -0.87 4.1 
4.5 30 31 1.49 0.99 -0.86 4.3 
8.5 29 30 1.08 0.72 -0.83 5.1 
 
P3HT:PCBM 4:1 
0.5 58 60 1.56 1.04 -0.84 9.6 
1.5 51 53 1.53 1.02 -0.88 6.3 
2.5 48 49 1.56 1.04 -0.89 5.4 
4.5 48 49 1.45 1.14 -0.9 4.9 
8.5 45 46 1.5 1 -0.91 4.2 
 
P3HT:PCBM 1:1 
0.5 50 52 2.47 1.65 -0.79 10.9 
1.5 42 44 2.55 1.7 -0.88 5.2 
2.5 38 40 2.62 1.75 -0.9 4 
4.5 39 40 2.47 1.65 -0.9 4 
8.5 34 35 2.92 1.96 -0.92 2.8 
 
P3HT:PCBM 1:4 
0.5 42 44 2.33 1.55 -0.85 6.5 
1.5 37 38 2.26 1.51 -0.9 3.8 
2.5 36 37 2.06 1.38 -0.93 2.6 
4.5 28 29 2.92 1.96 -0.94 1.7 
8.5 27 28 2.84 1.9 -0.95 1.4 
 
PCBM 
0.5 34 36 3.09 2.06 -0.8 7.2 
1.5 28 29 1.34 0.88 -0.88 3.5 
2.5 24 25 1.29 0.85 -0.94 1.5 





The photon-to-carrier yields we observed for all blends are about 1~2%. The 
carrier yields agree with other OPTP-TDS reports [50][78], but are much lower than the 
efficiency obtained from the polymer solar cell measurements. A possible explanation 
lies in the built-in potential that is present for solar cell measurements but not for THz 
measurements. In a solar cell, the polymer is sandwiched between two different 
electrodes. Because of the different work functions of the two electrodes (e.g., aluminum 
and ITO), the polymer experiences a built-in electric field. The field can be as high as 105 
V/cm, which is 2 orders of magnitude higher than the electric field of our THz probe. The 
build-in high electric field may help to dissociate the excitons generated by 
photoexcitation to free carriers. In contrast, the contactless polymer sample in OPTP-TDS 
measurement experiences no other electric field except the weak THz probe. Furthermore, 
the THz only last for 1~2 ps while the built-in potential is present at all times. That’s why 
we observed a much lower quantum efficiency in OPTP-TDS than in the solar cell 
measurements.  
The dc mobilities of P3HT/PCBM blends obtained from OPTP-TDS are several 
cm2/Vs, as shown in Table 4-1. These values are several orders of magnitude larger than 
those measured at GHz frequencies [82]. The reason for the difference is that the dc 
mobilities we obtained here are the results of prediction from THz measurement. Because 
of the high frequency nature of the THz wave, the carriers driven by the THz field move 
only on a small length scale. The factors limiting the carrier mobility for long range 
transportation (e.g., disorders in the film) will not contribute to the THz mobility. It has 
been shown that the measured mobilities of the conducting polymers depend strongly on 




Figure 4-13 shows the dc mobility and carrier density for P3HT/PCBM 1:1 blend 
from the probe delay time 0 ps to 10 ps. The dc mobility drops significantly during the 
first pico-second and stays at the same value afterward, while the carrier density is almost 
constant after photoexcitation in this time period. Similar results can be found on 
P3HT/PCBM 4:1 and 1:4 blends. The results indicate that the significant drop in 
conductivity during the first pico-second after carrier generation is mainly due to the time 
dependence of the mobility. 
To understand these differences, we recall that the free-carrier Drude conductivity 
for ωτ<<1 is σreal ≈ Ne2 τ /m* where N is the carrier density, m* and τ are the carrier 
effective mass and scattering time, respectively. Prior to 0.5 ps, the temporal conductivity 
response is due to increasing N, most likely associated with the rise time of the pump 
pulse intensity and exciton dissociation. After 0.5 ps, when free carriers are generated, 
charge-carrier transport is renormalized by interaction effects. In this case, the temporal 
conductivity response is governed by the mobility. In the Drude-Smith model, the dc 
mobility is [ ]cmeDC += 1/_ *τμ  and we assume the m* is a constant. In our 
measurement results, the parameter c for the P3HT/PCBM blends decreases and is more 
closes to -1 after 0.5 ps. Recall that the parameter c is a measure of the persistence of 
velocity effect in the Drude-Smith model. A more negative value for the parameter c 
means more velocity damping. When the free carriers are generated, their electric field 
starts to induce polarization of the nearby molecules and forms polarons. The formation 
time of the polaron is sub-picosecond. The resulting polaron formation acts as a potential 
well that hinders the movements of the charge. In other words, the carriers become 




explanation matches the observation of the decrease in the parameter c in the first 
picosecond after free carrier generation. Meanwhile, the carrier density does not change 
much in this period of time. Therefore, we conclude that the decrease of σreal in the first 
picosecond after photoexcitation is attributed to a decrease in the parameter c (or an 
increase in m* for the Drude model) due to polaron formation on a sub-picosecond time 
scale.  
 Comparing the rate of decrease of the parameter c for different P3HT/PCBM 
blends in Table 4-1, we notice that the higher weight ratio of PCBM in the blend has the 
higher rate of decrease. The result implies that the charge carriers in PCBM induce 
stronger polarons than those in P3HT do. 
 









































Figure 4-13 Comparison of time dependant DC mobility (left axis) and carrier density (right axis) for  




4.4.2 Long Term Conductivity 
 
Figure 4-14 shows the long term (0~300 ps) conductivities of P3HT and 
P3HT/PCBM 1:1 blend. The data indicate that the conductivity of P3HT/PCBM 1:1 
blend decays slower than that of pure P3HT. This phenomenon can be explained by the 
following picture. The lowest unoccupied molecular orbital (LUMO) energy and the 
highest occupied molecular orbital (HOMO) energy of P3HT is 3.2 eV and 5.1 eV, 
respectively, while the HOMO and LUMO energy of PCBM is 4.3 eV and 6.1 eV [28]. 
When electrons or holes are generated in the P3HT/PCBM blend material, electrons in 
P3HT will transfer to PCBM and holes in PCBM will transfer to P3HT to lower energy 
levels, as shown in Figure 4-15. Therefore, electrons and holes will transport separately 
in the different media. The chance of electron-hole recombination is reduced in this 
manner, so the carriers have longer life time. On the other hand, both types of carriers 
will transport in the same media when they are generated in the neat material (e.g., 
P3HT). The chance of electron-hole recombination becomes higher. Thus, the carriers 






















































Figure 4-15 Energy levels of P3HT and PCBM. The energy diagram show the HOMO and LUMO 







We have investigated the photoinduced carrier dynamics of P3HT/PCBM blends 
using OPTP-TDS with subpicosecond resolution. The data process method suggested by 
Nienhuys and Sundstrom is used for the first time on experimental data to obtain the time 
resolved frequency dependent complex photoconductivity with subpicosecond resolution. 
The time resolved conductivity is analyzed using the Drude-Smith model to determine 
the photon-to-carrier yields, average carrier mobility, and carrier density. The result that a 
1:1 blend film shows the highest conductivity among other blends is consistent with 
independent photovoltaic measurements. The significant drop of real conductivity in the 
first picosecond after photoexcitation for P3HT/PCBM blends can be attributed to the 
transient mobility change due to polaron formation within sub-picosecond time scale. We 
also measure the long term conductivity of the polymers and find that the difference of 
the free carrier life time of neat P3HT and P3HT/PCBM blend can be explained by the 









Electrically conducting polymers have attracted considerable attention since the 
first report of metallic conductivities in doped polyacetylene in 1977, [56] and subsequent 
research has led to progress in understanding the physics of conduction in polymers. As 
high-purity polymers have become available, a series of semiconducting polymer devices 
have been realized, ranging from light-emitting diodes (LEDs), solar cells, photodetectors, 
thin film transistors, to plastic lasers [57][58][59][60][61][62][63]. Although considerable 
progress has been made toward understanding the properties of semiconducting polymers, 
some issues still remain controversial. An unresolved question is whether the 
photocarriers are generated via direct interband excitations and relaxations [64] or via 
exciton formation and dissociation afterwards [65]. Some earlier work indicated the 
presence of free carriers in the photocarrier generation process [66], but limited time 
resolution made it difficult to resolve the excitation process. More recently, researchers 
employed THz time domain spectroscopy (THz-TDS) to study the carrier dynamics 
[48][67].  This gives a better time resolution and explains the conductive and dielectric 
properties well around 1 THz. Direct measurement of photoconductivity can be achieved 
by photo-conductive sampling, which has a time resolution only restricted by the laser 
pulsewidth and the RC time constant of the sample device structure. With a carefully 
designed structure, a resolution of subpicosecond can be obtained. Recently, direct 




reported [68] using two photoconductive switches, one as signal generator and the other 
as sampler. The resolution was limited to 2 ps because of the capacitance of the 
complicated structure. Other electronic properties, such as carrier density and carrier 
mobility, were not directly obtained but estimated after assuming a value for quantum 
efficiency. Using ultrafast measurements of transient excited-state absorption in the 
spectral region spanning the infrared-active vibrational (IRAV) modes in poly{2-
methoxy-5-(2’-ethyl-hexyloxy)-p-phenylene} (MEH-PPV) (see Figure 5-1), Heeger’s 
group reported that charge carriers were generated within 100 fs after photoexcitation and 
a photocarrier quantum efficiency of 10% in MEH-PPV was achieved [69]. Those were 
inconsistent with the predictions of traditional exciton-based models of carrier generation 
for conjugated polymers (e.g., the Onsager model) [70] and with a more recent report 
using THz to probe photocarrier generation in MEH-PPV [48]. This report quoted a 
photocarrier generation quantum efficiency of less than 1%. 
In this chapter, we report the measurement of photocarrier dynamics using both 
conductive and dielectric properties of the polymer film. Photoconductivity was directly 
measured with two equal intensity 400 nm femtosecond laser beams. Both laser beams 
illuminate the same MEH-PPV switch with variable time delay to study the dynamic 
photoconductive properties. We also report the measurement of photo-induced change in 
reflectivity in MEH-PPV using a two-color femtosecond laser system (400 nm pulse as 
pump and 800 nm pulse as probe). In addition, the complex conductivity of photoexcited 
MEH-PPV films was investigated by THz-TDS, which separates the transient dynamics 
of the real part and the imaginary part of the photoconductivity. For the same pump 




consistent. Free photocarrier quantum efficiency of 10-3 was obtained. A peak transient 
mobility up to 23 cm2/Vs was estimated for the free photocarriers. All three 
measurements verified that the fast part of the lifetime of the photocarriers in MEH-PPV 










5.2 Experimental methods 
 
5.2.1 MEH-PPV preparation 
 
 MEH-PPV samples were prepared in a nitrogen filled glove box to minimize 
photo-oxidation. Four sets of samples were prepared for UV-VIS-NIR absorption 
measurement, OPTP-TDS measurement, DC-bias transient photoconductivity 
measurement, and photo-induced reflectivity change measurement, respectively. The first 
set of films, which have thickness 100 nm, were made by spin-coating onto quartz 
substrates to measure the absorption coefficient. Figure 5-2 shows the absorption 
spectrum of MEH-PPV in the UV-VIS-NIR region. The result shows that MEH-PPV has 
an absorption coefficient 50000/cm at wavelength 400 nm, and negligible at wavelength 
800 nm. The second set of films was made by drop casting on quartz substrates for 
OPTP-TDS measurement. The thicknesses of those films were about 15 μm. The third set 
of films was made by spin-coating on the quartz substrates which have interdigitated 
switch patterns on them. The thicknesses were controlled to 100-nm. The last set of films 




























wavelength (nm)  
Figure 5-2 Absorption spectrum of MEH-PPV 
 
 
5.2.2 Optical pump- THz probe time domain spectroscopy 
 
 The OPTP-TDS setup is similar to that in chapter 3. The MEH-PPV samples are 
photoexcited with 400 nm, 100 fs pulses. The pumping energy is 200 μ J/pulse, and the 
fluence is 192 10× photons/m2. The photoinduced modulations in the field transmitted 
through the sample ( )E tΔ  at different probe delay times are directly measured in the time 
domain, as shown in Figure 5-3. At all time delays the modulation depth is less than 1% 
of the THz probe field. The transient photo-conductivity are obtained by applying 
correction transformations. The details of data treatment, analysis, and correction are 





























 E at 0.5 ps (x200)
 E at   4  ps (x200)
 
Figure 5-3 The electric field E(t) of the THz pulse transmitted through the MEH-PPV sample (black line), 
with the modulation ΔE(t) measured 0.5 (red line) and 4 ps (blue line) after photoexcitation 
 
5.2.3 DC-bias transient photoconductivity measurement 
 
A photoconductive switch was fabricated on a fused quartz substrate using 
photolithography to pattern the interdigitated electrodes, as reported elsewhere [68]. The 
MEH-PPV polymer solution was spin-coated on top of the metal electrodes to form the 
active layer. The interdigitated Metal-Polymer-Metal (MPM) switch structure (13 line-
pair) was positioned in the center of a co-planar transmission line and illuminated with 
two equal intensity 400 nm 100 fs laser pulses that were overlapped in space. The 
structure of the MEH-PPV switch is shown in Figure 5-4.  
Using just one 400 nm laser beam, the transient photoconductive signal was 
measured with a Tektronics sampling oscilloscope. The MEH-PPV film thickness was 




value of 25V/μm. The time varying photo-conductance GPCS(t) can be calculated from the 














where Vosc(t) is the measured time-varying voltage from the oscilloscope, VDC is the bias 
voltage on the MEH-PPV photoconductive device, and VOFF is the leakage voltage on the 
oscilloscope before the arrival of the laser pulse. The peak conductance was limited by 
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Figure 5-5 The electric circuit of the measurement 
 
 
5.2.4 Photo-induced reflectivity change measurement 
 
To probe the optically induced change of the dielectric property of the MEH-PPV 
film, the photo-induced change in reflectivity, ΔR/R, in the film was measured using a 
two wavelength pump-probe laser system. The system setup is shown in Figure 5-6. The 
400 nm pump laser beam (MEH-PPV film absorption coefficient α=0.2 μm-1) was 
modulated with a chopper at 5 kHz. In addition, a vibrating retro-reflector oscillating at 3 
Hz was used in the 800 nm probe beam to vary the time delay with respect to the pump 




































5.3 Analytic methods 
 
5.3.1 Carrier models 
 
There are two kinds of carriers in a medium: free carriers and bound carriers. The 
dynamic of simple free carriers can be described by the Drude model, which we have 
discussed in the section 2.3.2.3. The dynamics of bound carriers can be described by a 
Lorentzian oscillation model. In the case of free carriers in disordered conductors, Smith 
[75] introduced a generalized Drude formula to describe the free carrier dynamics in this 
situation. In this section, first we will discuss the Drude-Smith model for the localized 
free carriers. Then the Lorentzian oscillation model will be discussed for the bound 
carriers.   
 
5.3.1.1 Drude-Smith model 
 
To describe the carriers in the semiconducting polymer which has strong carrier 
localization due to nanoscale inhomogeneity and disorder, we use the Drude-Smith model 
[75]: 
 






⎡ ⎤= +⎢ ⎥− −⎣ ⎦





where N is the carrier density, τ is the scattering time, m* is the effective mass. Details of 
the Drude-Smith model are discussed in chapter 4. The coefficient c represents that 
fraction of the charge carrier’s original velocity that is retained after the first collision. 
Unlike the simple Drude model, it has a memory or persistence of velocity effect after the 
scattering. The truncated single-scattering approximation suggested by Smith has well 
described the semimetals near the metal-insulator transition, such as liquid mercury [75]. 
See section 4.3.1 for a detail derivation of the Drude-Smith model. 
 
5.3.1.2 Lorentzian oscillation model 
 
A simple bound carrier is an electron-hole pair. When the external electric field 
applied to the dipole, it will be forced to oscillate by the driving force exerted on the 
electron. Here we assume that the mass of the hole is much larger than the mass of the 
electron, so that we can ignore the motion of the hole. The displacement x of the electron 








0 ωγ    , (5. 3)
 
where γ  is the damping rate, e is the magnitude of the electric charge of the electron, 0ω  
is the resonant frequency of the dipole, and E is the external electric field. The terms on 




respectively. We assume the damping force is a frictional force which is proportional to 
the velocity.  
 We consider the external electric field is a monochromatic wave with amplitude 
0E  and frequency ω . The solution of the equation (5. 3) is 
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(5. 5)
 
A time varying dipole moment, p(t), is formed from the movement of the electron. The 

































































2 / mNeG ε=  is the strength of the oscillator. Figure 5-7 shows the real and 
imaginary parts of the conductivity resulting from a typical Lorentzian oscillation. 
  
















5.3.2 DC-biased transient photoconductivity analysis 
 
Ultrafast DC-biased transient photoconductivity (TPC) leads to the propagation of 
a low frequency (compared to optical frequency) electromagnetic wave (voltage or 
current) through the semiconducting polymer containing photocarriers as shown in Figure 
5-8. This has been referred to as the conductive mode of operation [71][72]. The 
electromagnetic pump wave (including DC signal) enters the layer of photocarriers and 
will be reflected, absorbed and transmitted. In order to investigate the effect of the 
photocarriers on the propagation of the electromagnetic field, we use the Drude-Smith 
model for free photocarriers in the disordered medium and the Lorentz model for bond 
carriers. Generally, the dielectric response is described by the following relationship, 
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(5. 9)
 
The conductivity is contributed by free and bound carriers: 
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(5. 12)
 
where ε is the complex dielectric constant, ε∞ is the dielectric constant of the host lattice 
of the polymer; σ is the complex photoconductivity; ω is the frequency of the 
propagating wave; σf and σb are the photoconductivity induced by free and bound 
photocarriers respectively; ε0 is the permittivity of free space; τ is the average scattering 
time of the free photocarriers and ωp is the plasma frequency of the photocarrier given by 
 
2 2
0/( *)p Ne mω ε=    , (5. 13)
 
where N is the free photocarrier density; m* is the effective mass of the free photocarriers 
and e is the electron charge; ω0, G and γ are the resonant frequency, oscillator strength 
and spectral width for the bond photocarriers respectively.  
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where μ is the free photocarrier mobility. Equation (5. 14) is the standard expression for 
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5.3.3 Reflectivity analysis 
 
When an optical wave is used to probe the material, the frequency ω of the 
electromagnetic wave is much higher than 1/τ and ω0, we have 
 

















where n0 is the refractive index of the polymer at the frequency ω of the optical wave, 
which can be easily measured. This is referred to as the dielectric mode of interaction 
[71]. In the absence of photoexcitation, the refractive index is n0.  The change in 
refractive index upon photoexcitation can be determined by measurements of the 
photoinduced change in reflectivity. The well-known expression for reflectivity at normal 





















So calculating the relative change in reflectivity and using 2( )nΔ from Equation (5. 16) 


















which can be measured in the experiment of photo-induced change in reflectivity. 
 
5.4 Results and discussion 
 
 From OPTP-TDS measurement, time-resolved photo-conductivities of MEH-PPV 
in the THz region are obtained. Figure 5-9 shows the 2D real and imaginary time-
resolved conductivity spectra contour plots of MEH-PPV before and after applying 
correction transformations. The correction transformations convert measured 
conductivity to true conductivities in OPTP-TDS measurement. For the details of the data 

















































































































































































Figure 5-9 2-D real and imaginary time-resolved conductivity spectra contour plots of MEH-PPV before (a, 













































Figure 5-10 Dynamics of the real part and imaginary part of photo-conductivities of MEH-PPV at 





 Figure 5-10 shows the dynamics of the real and imaginary part of the photo-
conductivity of MEH-PPV at a frequency 1 THz. The results show that the real 
conductivities rise and decay in the first picosecond after photoexcitation. After 2 ps, the 
real conductivity drops to almost zero. On the other hand, the magnitude of the imaginary 
part of the conductivity rises in a sub-picosecond time scale and sustains for a longer time. 
 Figure 5-11 shows the real and imaginary part of conductivities extracted for the 
MEH-PPV sample, measured at 1 and 5 ps after photoexcitation. The 1 ps conductivities 
show non-Drude behavior in that the real part of the conductivity rises with frequency, 
and the negative imaginary conductivity decreasing with frequency. The 5 ps 
conductivities show the same negative imaginary conductivity decreasing with frequency 
but near zero real conductivity. The non-Drude behavior is characteristic of free charge 
transport in a disordered medium, where localization is caused by the disorder in the 
material structure. We would like to use a model combining the Drude-Smith model and 
the Lorentz oscillator model to describe MEH-PPV, which has short lived real 
conductivity for free carriers, and relative long lived imaginary conductivity for the 
bound carriers. Some may wonder why not use the simple Drude model instead of the 
Drude-Smith model. Indeed, we have tried to use just the simple Drude model and the 
Lorentzian model instead of the Drude-Smith model to describe the phenomenon that the 
real conductivity increase with frequencies in the first picosecond by setting the 
resonance frequency of the Lorentz oscillator very close to 1 THz. Although it can give 
similar fitting results in the 1 ps data, however, this model cannot explain the near zero 




 In order to get a good data fit using the Drude-Smith and Lorentzian model, DC-
biased transient photoconductivity measurement and a transient optical reflectivity 
change experiment are performed to get the DC conductivity and high frequency optical 
conductivity. 
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Figure 5-11 (a) Complex conductivities before and after the correction transformation for photoexcited 
MEH-PPV sample measured at 1 ps. (b) Complex conductivities at 5 ps after photoexcitation. The lines 
through the data points are to guide the eye. 
 
DC-biased transient photoconductivity is measured using a photo-conductive 
switch. Because the measured response time is limited by the capacitance of the switch, 
to acquire the true carrier response time it is essential to obtain the transient DC 
photoconductivity. To measure the carrier lifetime, two pulsed 400 nm laser beams were 
used to pump the switch. At this time a chopper was used to modulate both beams and a 
vibrating mirror at 3 Hz was used in one beam to vary the time delay with respect to the 




lock-in amplifier. Finally a digitizing oscilloscope, synchronized with the vibrating 
mirror, was employed to scan and average the photoconductive signal from the lock-in 
amplifier. Because of identical modulation, the photoconductive signal from the lock-in 
amplifier is the sum of signals induced by each beam whether they are overlapped in time 
or not. When the two beams were separated in time, the voltage across the 
photoconductive switch prior to the arrival of each laser pulse was the same. When the 
two laser pulses partially overlapped, the leading pulse experienced higher bias voltage 
than the delayed one because the photocurrent caused by the leading pulse reduced the 
bias voltage for the delayed pulse. This led to a sum signal that was less than that for the 
two pulses separated and resulted in a “dip” in the induced photocurrent as shown in 
Figure 5-12. This time varying behavior represents the carrier lifetime. The 
autocorrelation full width at half maximum is 1.8 ps and consequently a carrier lifetime 
of 0.9 ps is obtained if a Lorentz pulse shape is assumed. This number is consistent with 
the real conductivity decay time in the OPTP-TDS measurement. The time resolution was 
limited by the capacitance of the switch, which was measured to be 20 fF. The transient 
conductance Gosc measured by the scope is then multiplied by a factor equal to the ratio 
of the scope pulse width to the pulse width of the photoconductive sampling signal, a 
factor of 25 in this case. That is, Gpeak=25Gosc. 
The peak photoconductivity σ can be obtained from 
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where A ,the cross section of the switch, is equal to 50×25×0.1=125µm2 (finger length 50 
µm, 13 pairs of fingers, 0.1 µm thick film), and L=1 µm is the width of the finger gap. 
The signal waveforms of the MEH-PPV film at various pump levels are presented in 






















































































The time dependent reflectivity change of MEH-PPV at 800 nm was measured by 
400 nm pump- 800 nm probe reflectivity change measurement. The typical probe time 
delay dependence of the change in reflectivity is presented in Figure 5-14. The result 
shows a 270 fs leading edge and a 500 fs fast decay followed by a tail extending for 
hundreds of picoseconds. We will discuss this fast respond in the later paragraph. At the 
fluence level 192 10× photons/m2, a photo-induced change of 4104 −×−  in reflectivity at 
























Figure 5-14 Photo-induced change in reflectivity vs. probe delay time. The fluence of the reflectivity 
measurement is 1×1017 photons/m2, which is 1/200 of the fluence of THz measurement, 2×1019 photons/m2 
 
 Now we can try to fit our experimental data with the Drude-Smith model and the 
Lorentz oscillator model. Hendry and co-workers [48] measured the transient 




long life response of the imaginary part of the conductivity is due to bound carriers, and 
the short life response of real conductivity is due to free carriers. Following this 
conclusion, we use the Drude-Smith model to describe the free carriers and Lorentz 
oscillator model to describe the bound carriers. First we consider the conductivity at 5 ps 
after photoexcitation when there are no free carriers and only excitons. The binding 
energy of the exciton in MEH-PPV is about 0.2 [74] to 0.8 [76] eV. We assume the 
binding energy is 0.2 eV, so the resonant frequency (f) of the oscillator is 50 THz. Figure 
5-15 (b) shows the fitting result with parameter G= 292.6 10× , 2γ π= × 1 THz, 
0 2ω π= ×50 THz. With the determined Lorentz oscillator, we fit the conductivity at 1 ps 
after photoexcitation with the Drude-Smith model and the Lorentz oscillator, as shown in 
Figure 5-15 (a), the parameters for Drude-Smith model are pω =15 THz, τ =0.1 ps, and 
c=-0.87. By assuming the effective mass equal to the electron mass, we find that the 
quantum efficiency of free carriers is about 10-3 using 22*0 / emN pωε= ,  and that the 
mobility is about 23 cm2/Vs using equation */)1( mce += τμ . We can also estimate the 
quantum efficiency of the excitons by substituting the parameter G into the equation 
00
2 / mNeG ε= , and get the quantum efficiency of exciton is about 1. So far, the results 
look reasonable. However, when we use these models to predict the reflectivity change at 
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Figure 5-15 (a) Conductivity at 1 ps after photoexcitation. The data are fit with the Drude-Smith model 
plus Lorentzian model. (b) Conductivity at 5 ps after photoexcitation. The data are fit with the Lorentzian 
model. The resonant frequency of the Lorentz oscillator is 50 THz. 
 
Using equation (5. 18) , we can estimate the reflectivity change at 800 nm, 
2108.3/ −×−=Δ RR . The number is 2 orders higher than 4104 −×−  obtained from the 
optical pump-probe experiment. This result suggests that the exciton density should be at 
least 2 orders lower, and that implies that the quantum efficiency of excitons is equal to 
or less than 0.01. The imaginary conductivity at THz frequencies from the excitons will 
be much lower than we previously throught, and there should be additional Lorentz 
oscillator(s) to describe the imaginary conductivity measured in the THz region. In order 
to fit all the experiment data, we change the resonant frequency from 50 THz to 5 THz, 
and the oscillator strength becomes G= 27106.2 × . These bound carriers have very low 
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Figure 5-16 Conductivity at 1 ps after photoexcitation. The data are fit with Drude-Smith model plus 
Lorentzian model. (b) Conductivity at 5 ps after photoexcitation. The data are fit with Lorentzian model. 
The resonant frequency of the Lorentz oscillator is 5 THz. 
 
In the time-resolved reflectivity change measurement, we observed s very fast rise 
and decay in the first picosecond after photoexcitation. Although we have similar 
dynamics measured in transient THz photo-conductivity OPTP-TDS experiment, they 
may not measure the same phenomenon due to the difference in probing frequency. The 
reflectivity change contributed by the free carriers in the optical region is negligible 
compared to the contribution by the bound carriers in this case. The fast rise and decay in 







5.4.1 Comparison of P3HT and MEH-PPV 
 
We compare the measurement results of MEH-PPV with the previous 
measurement results of P3HT. The first observation is that P3HT is more resistant than 
MEH-PPV to photo-oxidation. Figure 5-17 shows the decays of transmitted THz peak 
amplitude for P3HT and MEH-PPV by pumping continuously with 400-nm pulses. Both 
materials have similar absorption coefficients at 400-nm, and are pumped with the same 
fluence. The results show that the decay rate of MEH-PPV is at least three times faster 
than that of P3HT. The stability of P3HT makes it more suitable for many practical 
applications. 
Photon-to-carrier quantum efficiencies for P3HT and MEH-PPV under the same 
pumping fluence are 1 % and 0.1%, respectively. When the neat polymers are pumped 
(time < 1 ps), both exhibit similar real photo-conductivity peaks. However, for the longer 
times after photoexcitation (e.g., 10 ps), the real conductivity of the MEH-PPV sample 
decays to almost zero, while the P3HT sample still has considerable real conductivity. It 
can be explained by the morphology of the films [84]. Regio-regular P3HT has a high 
degree of intrachain order, and will self-order to form microcrystalline regions of π-
stacked lamella with strong interchain interactions [85]. The close proximity of 
neighboring chains allows the electron and hole charges to escape on separate chains, 
thus minimizing the subsequent recombination [86]. Because P3HT has greater interchain 













































Both conductive and dielectric properties of photo-excited MEH-PPV thin films 
are reported in this chapter. Photoconductivity dynamics in MEH-PPV was measured 
under DC bias, and at THz and optical wavelengths with a high time resolution. A free 
photocarrier quantum efficiency of 10-3 was obtained for 400 nm, 110 fs pump laser 
pulses. A transient photocarrier mobility up to 23 cm2/Vs was estimated. The quantum 
efficiency of excitons was estimated to be less than 0.01. Fast response of free carriers 
was observed in both photoconductivity switch and OPTP-TDS experiments, and fast 
response of bound carriers was observed in the reflectivity change experiment. All 
measurements at different wavelengths verified that the fast part of the photocarrier 









 In this thesis, we establish standard experimental and analysis procedures for 
optical pump- THz probe time domain spectroscopy for investigating the transient events 
that are faster than the duration of THz probe pulses. The new procedures are made by 
modifying the conventional analysis method proposed by Kindt and Schmuttenmaer 
using Nienhuys and Sundstrom’s theoretical analysis of OPTP-TDS. We observed 
artifacts in the conductivity of photoexcited GaAs when we apply the conventional 
analysis method to the experiment data. The artificial effect can be well described by the 
Nienhuys and Sundstrom’s theoretical analysis. We, for the first time, successfully 
remove the artifacts and obtain the true transient conductivity of photoexcited GaAs 
using the correction transformation suggested by Nienhuys and Sundstrom. 
 P3HT/PCBM blends with P3HT weight fractions of 1, 0.8, 0.5, 0.2, and 0 were 
investigated using OPTP-TDS. The new analysis process was used to obtain the time 
resolved frequency dependent complex photoconductivity at subpicosecond resolution. 
The time resolved conductivity is analyzed by the Drude-Smith model to describe the 
behavior of localized charge carriers in the polymer. The free charge carrier quantum 
efficiency is about 1% in P3HT/PCBM blends. The result that the 1:1 blend film shows 
the highest conductivity among other blends is consistent with independent photovoltaic 
measurements. The significant drop of real conductivity in the first picosecond after 




due to polaron formation on a sub-picosecond time scale. We also measure the long term 
(up to 300 ps) conductivity of the polymers and find that the difference of the free carrier 
life time of neat P3HT, P3HT/PCBM blends, and neat MEH-PPV can be explained by 
interchain interaction of charge carriers.  
The semiconducting polymer MEH-PPV is investigated using OPTP-TDS, a DC-
bias transient photoconductivity experiment, and a photo-induced reflectivity change 
measurement with high time resolution to get the transient conductivities at DC, THz, and 
optical frequencies. The data are fitted using the Drude-Smith model and the Lorentzian 
oscillation model. The results show that the free photocarrier quantum efficiency is about 
10-3 for 400 nm photoexcitation. Transient photocarrier mobility up to 23 cm2/Vs was 
estimated. The quantum efficiency of excitons was estimated to be less than 0.01, which 
is lower than we thought earlier. The imaginary part of the conductivity at THz 
frequencies is attributed not to excitons but to the bound carriers with one tenth the 





6.2 Future work 
 
In section 4.4.1 we discussed the disagreement of free carrier quantum 
efficiencies obtained from OPTP-TDS and solar cell measurements. For P3HT/PCBM 
blends, the efficiencies we observed in OPTP-TDS are about 1~2%, while the 
efficiencies measured in the polymer solar cells approach 1. The possible reason for the 
disagreement is the built-in potential. The electrodes in the polymer solar cells provide 
the built-in electric field due to the difference of the work functions of the electrodes. 
This field can be 2 orders of magnitude higher than the electric field of the THz probe in 
OPTP-TDS. Based on this point of view, it would be interesting to perform the OPTP-
TDS measurement on a high voltage biased semiconducting polymer sample. It would be 
similar to photoconductive switch experiment, but we would measure the transmitted 
THz field instead of the photoinduced current. The sample can be prepared by drop 
casting a semiconducting polymer solution on a quartz plate that has coplanar electrodes 
patterned on it. The photoconductivities of the polymer in the biased state and in the 
unbiased state could be measured easily in an OPTP-TDS experiment. This experiment 
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